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MODEL!  SA  n  ON  DES  PNEUS  HORS  ROUTES  ET  DU  SOT  F.N  VUE 
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RESUME 


e  tres  nonhr  euses  reactions  .1  1 1 introduct ion  de  noyens  mecaniques  sur  les 
terres  agricoles  et  en  forets  se  font  jour  en  raison  notamroent  des  compac- 
t age s  induits.  D'autre  part,  l'evolution  hors  route  doit  envisager  de 
plus  en  plus  de  vehicules  sur  pneus  3  diverses  finalitfs.  11  est  done  im¬ 
portant  d’aborder  les  questions  liees  aux  propri£t£s  des  enveloppes  defor- 
mahles  pour  voir  de  quelle  maniere  il  peut  etre  possible  d'en  approprier 
la  conception  en  function  des  sols  non  amenages  sur  lesquels  ils  doivent 
evo luer  . 


;  os  c aract er ist iques  necessaires  3  la  promotion  de  nouveaux  concepts  doi¬ 
vent  mettre  en  evidence  la  def ormabi 1 i te  des  enveloppes  et  d£gager  les 
jroprietes  de  chacune  des  parties  principales  du  pneu  dans  la  transmission 
des  charges  sur  le  support.  C'est  pourquoi,  taux  d ' apla t i ssement ,  taux 
d ' ecrasement ,  distribution  des  epaisseurs  de  matiere  sur  la  section  du 
pneu,  proprietes  de  1 ' epau lement ,  f lechissenent  de  la  bande  de  roulenent, 
raideur  du  tore,  carac ter i s t ique  d 'amort issement  de  1 ' enveloppe  sont  3  de¬ 
terminer.  I.a  relation  pneu-sol  ressort  des  effets  de  compression,  de  ro¬ 
tation  et  de  pivotement  du  pneu  sur  le  sol. 

I.a  mode  1  i  sat  i  on  qui  resulte  de  la  connaissance  de  ces  caracterist  iques  per¬ 
mit  d'introduire  des  concepts  et  des  methodes  do  ealcul  d ’ enveloppes .  La 
realisation  de  prototypes  confirroe  expi’r  iment  a  1  ement  les  possibilities  ain- 
s  i  di  ve  1  oppee s  , 


AVANT-l’KOPOS 


l.orsque  les  alterations  et  degats  aux  sols  prennent  une  importance  exage- 
ree  en  agriculture  et  en  sylviculture,  un  certain  nonbre  de  reactions  se 
font  jour  3  l'encontre  de  la  mecan i sat  ion  sous  la  forme  par  exerople  d'in- 
terdits  souvent  subjectifs  ou  de  mesures  compensatoi res  frequemment  one- 
tuses.  En  effet,  si  une  part  des  causes  de  degradations  peut  etre  attri¬ 
bute  aux  vehicules  et  machines  elles-memes,  c'est  bien  plus  general ement 
les  operateurs  qui  sont  en  cause  pour  ne  pas  avoir  adapte  leurs  conditions 
de  travail. 

lies  lurs,  les  notions  de  compactage  des  sols  par  les  effets  des  pneumati- 
ques  doivent  etre  precistes  pour  etre  enseignfes  et  vu lgar i sees .  Cette 
vulgarisation  permettra  aussid’une  part  de  mieux  orienter  les  choix  par- 
ni  les  manufactures  et, d’autre  part  de  suggerer  de  nouvelles  solutions 
pour  amtliorer  la  propulsion  hors  route  et  reduire  les  impacts  des  pneus 
sur  les  sols.  lies  Economies  dircctes  et  indirectes  d'energie  sont  di's 
lurs  possibles  en  gurantissant  mieux  1 ’envi ronnement . 
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LA  MODELI SATION  DU  PNEU  HORS  ROUTES 


Pmpos 

Le  pneunat ique  revolt  les  charge*  reprises  par  le  moyeu  de  1'essieu  d'un 
vfhicule  eC  qui  lui  sont  transmises  par  le  voile  et  la  jante  sur  laquelle 
tl  est  mont£  pour  former  la  roue.  L'analyse  des  effets  de  cette  transmis¬ 
sion  porte  sur  la  dEformabi 1 it£  de  l'enveloppe  et  sur  les  effets  enregis- 
tr£s  au  spin  d'un  substrat  donnE  comme  support. 

La  def ormabi li t£  de  l'enveloppe  torique  ou  pneu 

La  defonsabi litE  d'enveloppe  est  renseignEe  par  les  taux  d ' aplat isaement 
et  d'Ecrasement  qui  ressortent  de  la  gEomEtrie  externe  de  l'enveloppe. 

II  est  connu  que  ces  taux  augmentent  avec  la  charge  appliquEe  et  diminuent 
avec  1'ElEvation  de  la  pression  de  gonflage  ou  du  nombre  de  plis.  II  est 
aussi  not  £  que  les  variations  de  ces  taux  respectifs  peraettent  de  ranger 
certaines  manufactures  en  des  categories  differences  de  la  notion  de  ply 
rating.  Les  valeurs  des  variations  de  hauteur  de  tore  pneumatique  Etant 
supErieures  A  celles  de  largeur,  les  taux  renseignEs  expriment  la  defor- 
mabilitE  gEnErale  du  tore  d'une  part  et  celle  des  flancs  d'autre  part. 

II  reste  encore  4  souligner  que  la  coupe  tranaversale  d'un  pneu  rEvEle 
une  distribution  variable  des  Epaisseura  de  aatiEre  tout  au  long  des  pa¬ 
re  i  s  et  qu'une  pression  de  gonflage  donnEe  ae  distribuant  Equip  tentielle- 
ment  dans  toutes  las  directions  n'engendrera  pa*  les  atmes  effets  quant  4 
la  deformabil it£.  Celle-ci  eat  particuliEreaent  iaportante  aux  basaes 
pressions  de  gonflage  re command able*  en  locomotion  hors  routes  et  plus 
particul idreaent  sur  milieu  granuleux. 

La  variation  de  la  pression  de  gonflage  contribue  principalement  4  une  mo¬ 
dification  de  la  raideur  du  f  lane  de  l'enveloppe  et  influence  peu  la  bande 
de  roulement. 

U 

L'application  d'une  contrainte 
sur  la  bande  de  roulement  en- 
gendre  des  solicitations  dans 
la  section  du  flanc  du  type  ef¬ 
fort  noratal,  effort  tranchant  et 
moment  flEchisaant.  Une  Equa¬ 
tion  de  flexion  du  flanc  soumis 
4  une  charge  et  soutenu  par  une 
pression  de  gonflage  peut  a'Eta- 
blir. 

L'expression  gEnErale  est  : 
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r'uienent  se  ouiqoit  bten  ev  i  demmen  t  <  .mine  l1  element  du  pneu- 
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Ainsi  qu'on  pent  le  voir,  la  flSche  priae  par  la  bandc  de  roulement  suite 
A  action  ou  reaction  localis£e  en  sa  surface  est  es9ent ie 1 lement  depen- 
dante  de  F  si  celui-ci  peut  prendre  des  valeurs  £lev£es  par  rapport  a 
l'. -i  belle  de  variation  possible  des  autres  cotes  dans  la  realisation  d '  une 
enveloppe  de  pneumat ique . 

Le  pneumat ique  hors  route  ou  tore  deformable  distingue  les  parties  flams, 
£paulements  et  bande  de  roulement.  A  celles-ci  il  convient  d'ajouter  les 
talons  qui  assurent  la  liaison  avec  l'£ltment  rigide  jante  asgoci€  A  la 
masse  du  v£hicule,par  construction.  Le  schema  du  pneu  agraire,  forestier 
et  hors  route  en  glnlral  est  done  : 


ROUE 


PNEU 


SOL 


-L  jante 


voile  ou  diaque 


talon 


f  lane 


support 


Les  conditions  du  comportement  dynamique  du  pneu  sont  approch£es  en  vue 
de  pr£ciser  le  mode  d'action  des  charges  supportfes  sur  le  sol.  Un  banc 
special  d'essais  en  statique  a  £t£  rlalisl  pour  ce  faire.  Essentielle- 
ment,  il  s'agit  de  voir  comment  I'enveloppe  produit  un  certain  "martela- 
ge"  du  sol  du  fait  de  la  constitution  £lastique  du  pneu.  Le  pneu  est 
asaimill  pour  ce  faire  A  un  systdme  compos £  d'un  ressort  et  d'un  amor- 
tisseur  disposes  en  paralldle. 
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:*  los  juant  a  i*»tat  du  sol  et  plus  ox.n  t  omont  do  la  p.iriir  supdriou 
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■  p-uip  niu-nnUs  cxtru’s  par  um  pnouna  t  i  ipio  dans  un  sol  se  traduisont 
r  dos  .  orrpri  ■*»  s  i  ons  loc  al  i.sdos  dont  la  <1  i  s  t  r  i  but  i  on,  suivant  un  prut  i  1 
,» ■ » s v r r  s.i  1  i  i  * .  «p;a t «•  ur  v! <  la  t  r.n  <•  du  pnru,  ost  nusurot*  pour  rostituer 
i  ti-  t.  «!♦  la  l*. *:)»!•  du  rouionnnt  sur  lo  massif  y  farm  i  nix . 

r.  s  i  a  •  i  a : .  T  is  ;r  fils  dormant  la  distribution  dos  ronp.u  tayos  suivant 
si  t  r  ans  w  rsa  l  «• ,  il  *st  possible  do  i  onstaln  qur  los  offols  ap- 

i  i :  ■  siait  r»  part  is  -•nr,ii  si  U*s  nonnit  s  !  1  d»  h  i  ssant  s  i  rods  par  I  o  nuulo 
t  f  ans  i  o  i  t  <:* i  baryo  ■  >i.ins  la  bando  do  rmi  l  oniiMit  a  I'ondroit  dos  dpau 
runts  piuvaiont  s'oxprirrur  dans  la  n.isso  yramiiousi*  du  support  sol. 
s  r  opt  o  s » •  ’  'i  t  a  t  i «  i:  s  sui  v.intfs  rappollont  -  os  onioy  i  st  ronont  s  tolaiifs  a 
;r  f  :>>:•  ir  .d;  s,  ;>l.u«ait  do  norms  runpai  (  i  so-i  onpar  t  i .  >ns ) 
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I  es  modules  >1  ett.t.  dee  iharges  sur  appuis  ri'pris  de  la  theorie  de  la 
nsM.iivi1  il  t-  -4  s.ilm.m*  ilxntu-nt  rp  qu  i  ost  repr  esent  o  aux  figurrs  sui- 
v antes 


K  ■  hande  do  roulemeut 
V  :  flanc 

i’  support,  poteau 
K  >'enfort 

v  :  chaise 
1  targeur 


-x  ■ 


i  so-compactages 


I .V Liberal ion  d'un  prolil  do  pneu  hors  route  n'entrainant  qu'un  corapac- 
t  age  reduit  doit  t  on  i  r  oompte  des  model  os  donnant  la  distribution  des 
pilots  la  mieux  appropriee  pour  atteindre  re  but.  Un  tel  nodMe  entond 
disposer  les  appuis  do  la  bande  do  roulement  h  I'interieur  de  celle-ci  et 
n,  n  pins  1  1'emplaeeroent  des  epau  1  eraent  s  . 
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rsi  .iinsi  rpie  la  hand**  dr  roulement  fait  cons  iderer  un«  pout  re  de  ser- 
?  ion  rer  t  <in^u  lain*  <harp.ee  pom  t  ut*  1 1  eroent  par  Wj,  Wo,  Wj,...  et  soumise 
aux  <.  l  es  localises  l  j  ,  i  j,  prsee  sur  le  sol.  La  distribution 

j  e.i  tions  de  i-ontar  t  pj  ,  pi,  p.,...  nrest  pas  i  onnue  a  priori,  rnais 
rllr  ib.it  »?  t  r  e  uni  forme  t  ransver  sa  lament  ft  1  onp  i  t  mi  i  na  l  eme  n  C  ,  e  II  <>  rsl 
pr  •  »p«  T  t  i  mine  1  l  v  a  la  i  ]c<  he  pr  ise.  Pius  lnr«,  il  rst  possible  tie  trouver 
un  *nt  tii  ient  de  raidenr.  Kn  eft  ft,  n  <}  »*st  la  reaction  un  i  t  orroement 
repart ie  sous  la  b.mdf  de  roulement,  a  tors 
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Le  deplacement  <Sn  pneu  tree  I'orniere  pt  iiaplante  les  par¬ 

ries  sail (antes  de  } a  bande  de  roulement  dans  le  support.  Ainsi  sc 
c Trent  diffrrentes  zones  de  rout  ait  an  spin  de  l*aire  d'empreinte  qui  sc 
delimit  a  chaque  instant.  lavs  fares  t  anient  ie  1  les  au  plan  du  sol  distri- 
burnt  les  charges  sur  le  massif  sous- j a<  ent  et  leur  contact  pmrede  du 
f rot t ement  lors  de  l  *app  t  i  c  at  i  on  d’etfoits  tangentiein  issus  du  roup  ip 
moteur.  I.es  faces  orthogona les  au  plan  du  sol,  implant^es  dans  le  massif 
gr  .inuleux  a  concurrence  de  la  possibility  de  penetration  vont  nolliriter 
le  milieu  cn  c i sa i 1 lement . 


II  apparait  ainsi  que  barrettes  et  ent re-bar ret tes  Jounnt  des  rftles  rntca- 
niques  pour  la  constitution  d'un  massif  cohcsif,  resistant  au  c i sa i l 1 ement 
et  off  rant  les  meilleurea  qualites  de  frottement  tant  interne  qu'externe. 
Des  lors  intervient  ega lement  la  nature  et  les  proprieties  des  mat  litres  en 
contact  pour  ce  qui  releve  de  1 'adhesion  ent re  el  les.  Ainsi,  s'evoque  le 
deb  nir rage  des  portions  ent re-bar  ret tes  et  le  maintien  des  barrettes  au 
lieu  d* imp lantat i on  sur  la  bande  de  roulement.  Ces  considerations  in- 
fluenient  les  cotes  georaet r i ques  des  barrettes,  des  ent re-bar  ret tes  et 
des  conges  de  raccordement  des  parties  saillantes  sur  la  bande  de  rutile- 
ment  . 


I  '  APPLICATION  DK  LA  MODEM  SAT  ION  KT  SES  RESULT  ATS 
m  rea 1 i sat i on 

.  *•  prim  ipe  de  base  l '«  lain  rat  ion  d'un  pneu  hors  route  compor te  la  ne- 
«  ss;ti  de  rea  ii ser  une  bande  de  roulement  en  one or be  1 1 ement  sur  ses  ap- 
pv ;  •* .  lies  lots,  pour  une  largeur  de  pneu  donnee  ou  imposee  en  i.iison  des 
••Mgenves  de  travail,  i  orm«*  en  labour  par  exemple,  les  :  »lons  S'xit  places 
»  l'int»rieur  de  la  largeur.  l.a  1  oe.i  1  i  sat  i  on  en  est  calculable.  Le  re- 
'ur  v  i  un  moule  classjque  permet  un  deplacement  d'uno  portion  des  f  lanes 
S  ".i:,icrc  a  repondre  la  condition  premiere.  Ce  type  de  pneu  hors  route 
♦  s*  d» mmne  C  amel  Shoe  et  symbol  is^  par  CS. 

iis  premieres  applications  du  principe  sunt  obtenues  en  reebappage  de  car- 
asses  appr  opr  i  »*es  . 


*  '  expfir  ime ntat  i  on  et  les  r  t:  s u  1 1 a t  s 

Comne  pour  n*s  nneus  de  manufactures  <;  1  ass  i  ques  ,  les  versions  CS  s<mt  si*»- 
mi ses  aux  essais  de  deformation,  d'empreinte  et  de  transmission  de  couple 
en  procedant  aux  bancs  statiques.  Les  conditions  de  reponse  dvnamique  et 
les  performances  sont  analysees  sur  pistes  d'ossais  et  en  travail  sur  le 
terrain. 


D’une  man i ere  generate  la  deformation  du  flam  d'un  CS  est  plus  grande  que 
celle  d'un  pneu  classique  nais  se.*»  variations  sont  plus  fail) les  car  le 
prd  i 1  deforme  dev  lent  mnins  dependant  de  la  pression  de  gonflage  •  -owne 
uussi  de  la  charge. 


;>e  S  lors,  la  surface  de  <  out  act  ef| 
merit  e,  Comne  ll  a  ete  constate  des 
des  que  pour  un  profil  class ique  \ 
ll  fant  Holer  que  ces  dernieres  se 
re  des  flams.  Ainsi,  la  souplesse 
me  l  l  leur  »  nllt«»rt  el  pr i»V»»que- 1  -  e  1  1  e 


ertive  de  la  bande  de  roulement  aug- 
proloruieurs  d  *  en!  oncewent  mo  ins  gran- 
memes  press ions  de  gonflage  et  charges 
repercutent  plus  et  mieux  sur  la  mat  n* 
donnco  aux  f lanes  engendi e-t -e  1 1 e  un 
un  moil  lour  transfert  des  charges  ver 


V 


i  bautl*  v* * ■  i.<!,n::)rnl  s.ins  niimir  des  rnTinit  s  ii « •  !  Irxicn  l  r < » p  import  ants 
t  y  «  pau  1 «  ::i»  Ml  s, 

vuieuis  de  nodule  do  r  i  >*  t  d  1 1  *•  sjnt  itiques  .mx  parties  'in  flam  sent 
•vi. «  i  s  >■  i  -  .i"!  t  *.  pout  deux  tvpes  do  pneus  : 

I’immi  <■  I’nru  OS 

r.ittir  Me *«1 1 1 1  ••  do  r  ig i d  1 1  v  ,  daN / cm*- 

y  ;  .  * :  i  ,  emen  t  .VO<K)  4  7000 

Ms*,  it  .  du  f  I  .in.  V*Oon  iV>00 

•  .i ; ,  n  24000  4  2  r>(X) 

r  ;  .lit.  «n  total  i  to  14000  4IOOO 

■  r.i  »th;  1  r  *n  i 

s  put-us  pr<s«-ntent  pen  de  (jilit'run'MS  en  movenne,  touteiois  los  repart i- 
i  ,'iis  des  v.ili'urs  sent  invtTSfS  quant  d  lour  grandeur  pour  chaque  part  to. 
i  •  s  lor*-,  pour  urn*  mono  distribution  des  quissnirs  do  mat  tore  il  faut 
Vi!  t»  miro  a  des  lit  !  -‘mat  i  mis  srmblahles  au  talon  et  a  1  '  epau  1  enent  .)l<>rs 
,<  ;  a  .anbrure  du  Mint  proprenent  dit  est  plus  impor  t«mt  i*  dans  It*  t  as 


is  ;>«  r  f  orrsaist  t*s  dt*  trait  ion  ><ht  t-nut's  ave«  «1  i  t  f  or  nit  s  pneus  sunt  evaluees 
:i  1 1  riant  tump  to  de  la  i  -onsornni.it  ion  d«*  t  ue  1  ,  du  r  eg  ime  notour,  tie  l  a  vi- 
om  il 1  uv.itu  orient  ,  du  glissonent  re  1  at  it,  du  travail  etfortue.  la*  dor- 
i«r  i  uni  i-rno  des  t  ravaux  agricoles  do  labour,  do  hersage  ot  do  traction, 
nd  it  ions  novenni's  sinuluires  integrant  los  variations  renenntroes  sur  un 
»‘rr.»  tor  rain  dans  los  memos  v  i  r  const  antes  . 

*« volution  des  valours  mesurres  dos  surfaces  comprises  entre  barrettes 
onsi-cut  i  ve.s  do  m  ernes  profils  de  bande  de  rouloment  en  deux  conceptions 
i  manufacture  -  <  lassique  et  CS  -  permet  d'apprerier  l*incidente  de  la 
ro-siun  do  gontlage  pour  urn*  mono  charge. 


Kvi  liif  i«n  do  la  press  ion  do  gonf lage, 
_ kl\j _ 

1  20  .1  I  (SO  I  60  .1  2  00  120  3  200 

Reduction  do  la  surface  de  contact,  Z 


h  : 1  11 


8  a  IJ 


i  l  .is  s  i  q in* 


•  «.t  evident  quo  le  type  IS  verifie  1  *  i  ndependance  plus  grande  vis-H-vis 
la  prossiun  do  gout  I  age  **t  tela  pour  tnutes  los  charges  admissihles. 

s  ;u*i  I  nrn.iui  os  d«*  tr«uti>»n  sunt  l  ioos  Jiroitomont  .1  la  sur  fact*  effective 
uita.t  des  barrettes  do  la  baud**  do  roulement.  !>es  valours  experimen- 
los  sunt  ti.'imoes  «  i-.»pres. 
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Oper.it  i  on 

Labour  1 

Labour 

2 

Hrrs.ige 

Pneu 

(  S  OKI) 

CS 

OKI) 

CS 

ORI> 

Superfirie  t r avail  - 
I  e  o ,  ha/h 

<\-C’  0,19 

0,2: 

0,20 

0,b4 

0,61 

Vo  1 uroe  t  rava i 1 1 c , 

m  V  h 

79  J  'jl! 

hb() 

*4  r>( ) 

1  :.hu 

1  ll<\ 

( onsomma t i on  A 

1  %  un  i  t  e  tie  vo  1  ume , 
ml  /m  ^ 

6.J  H ,  9 

7,  1 

q,o 

1 ,  8 

■i.l 

Labour  1  *  sans  blocap,* 

■  de  d  i  f  f  erenl  i  r  1 

et  sans 

4x4 

labour  *  *  ,ivn  bloc age  et  4x4 

p’.mtu'S  ossais  conf  i rment  ct*s  valeurs.  K 1 1  c* s  so  traduisent  lurs  dVxpe- 
riencos  pratiques  A  la  f  erme  par  unc  possibility  do  recourir  A  un  tracteur 
do  moindro  puissance  root  rice  pour  oftectuer  un  mono  travail  on  dos  condi¬ 
tions  semblahlos.  11  taut  notor  que  lo  CS  permet  do  travail ler  plus  off  i  — 
cacenont  T  bassos  prossions  do  Ronflagc  ot  qufum*  premiere  comparaison  cn- 
! ro  dos  pmfils  different*  do  bando  do  roulomont  n’a  pas  domontro  d’avan- 
ta^os.  rn  tout  otat  do  cause,  los  g 1 i ssement s  onrop, i fit  res  so  rove  lent 
touj.uirs  plus  taiMes  avoc  los  manufactures  CS . 

CONCLCS IONS 

1.*  oxpor  iraentat  inn  on  staticpio  et  on  dvnamique  sur  pneus  agricoles  et  f  u- 
rest  iers  pormot  do  quantifier  dos  caracter ist iques  physiques  propres  aux 
t-nvoloppos  nanuf  ac  tureos  .  Paral  lMemcnt  ,  1  *  observat  i on  dos  offots  dans 
i* -v  milieux  ^ranuloux  autoriso  1 ' olaborat ion  de  mouoles  i ntorpr otat i f s  . 

;  ' Ml i 1 i sat  ion  de  chjx-c  i  dans  la  concept i on  do  nouveaux  profils  transversaux 
ssature  pormot  alors  lo  val«ul  raisonne  do  la  composition  ou  do  la  pre¬ 
sentation  dos  onveloppes. 

la  realisation  oxpor  iment  a  1  o  do  pneus  suivant  los  informations  calulees 
permet  do  proceder  .'l  des  ossais  qui  conl'irmont  los  modolos  elabores.  La 
•»  t  andard  i  sat  i  on  dos  met  bodes  de  tost  dos  pneus  manufactures,  telle  quo  dr 
id  'uiRReree  Ians  uno  commun l cat i on  precedence,  ost  done  bion  de  nature  a 
mioux  renseigner  los  ul  i  1  i  sat  ours  quant  aux  conditions  d  *  uf  i  1  i  sat  ion  ot 
ini'  evolution  des  techniques  do  manufacture  pout  egalement  etre  envisage 
A  partir  de  i onnai ssances  que  la  re<  herche  a  pormis  d'initior. 
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MODELLING  OF  OFF-ROAD  TYKES  AND  901 U  TOR  IMPROVED  TRACTION 

PROF.  DR.  IP.  P.F.J.  ABEELS 

INWERSITE  CATIIDUOIT  DE  LOUVAIN,  GENIE  RURAL,  LOUVAIN-LA-NEUVE,  BELGIUM 
TRANSLATED  FY  S.  HECAPTY,  N1AE,  SILSOE,  HWATD 

Abstract 

Many  effects  have  been  observed  as  a  consequence  of  Introducing  machinery 
to  agricultural  land  and  forestry.  In  the  main  these  effects  are  due  to 
induced  canpjacticn.  Moreover,  off-road  development  must  look  to  more  and 
more  vehicles  with  different  types  of  tyres  for  different  purposes.  Thus 
it  is  important  to  deal  with  the  problems  of  flexible  tyres  in  order  to 
see  Inw  it  may  be  possible  to  adapt  their  design  to  the  unprepared  soils 
an  which  they  must  run. 

The  characteristics  necessary  for  developing  new  concepts  must  include 
firstly  the  flexibility  of  the  tyre  identifying  the  properties  of  each  of 
the  principal  parts  of  the  tyre  in  transmitting  loads  to  the  supporting 
surface. v  That  is  why  the  following  parameters  must  be  determined: 
load -deflection  relationship,  variation  of  thickness  of  material  over  the 
tyre's  section,  properties  of  the  shoulder,  deflection  of  the  tyre  tread, 
stiffness  of  the  torus,  and  the  danping  properties  of  the  tyre.  The 
tyre- soil  relationship  is  related  to  the  effects  of  compress ion,  rotation 
and  turn! no  of  the  tyre  on  the  soil. 

The  modelling  which  results  from  the  knowledge  of  these  parameters  has 
trwablrd  introduction  of  concepts  and  methods  for  designing  tyres.  The 
production  of  prototypes  has  confirmed  experimentally  the  potential  thus 
developed. 


Foreword 

When  deformation  and  damage  to  soil  take  cn  exaggerated  importance  in 
agriculture  and  sylviculture,  a  certain  number  of  effects  appear  as  a 
result  of  mechanization  in  the  form,  for  example,  of  often  restricted 
operations  or  frequently  onerous  remedial  measures.  Indeed  if  part  of 
thx?  cause  of  the  damaqe  may  be  ascribed  to  the  vehicles  and  machines  it 
is  more  generally  tie  case  that  their  operators  are  at  fault  for  not 
havirvi  adapted  then  to  their  workinci  conditions. 
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T:*'  Ideas  of  .soil  ccrpact  ton  dvie  to  tyre's  must  Ijc  specified  in  order  to 
be  understood.  This  will  also  enable  a  better  choice  for  rranufacturers 
on  the  one  hand,  anti  proposals  of  new  solutions  for  improving  off-road 
locomotion  and  reducing  the  effects  of  tvres  on  soil  on  the  other. 

Direct  and  indirect  savinqs  in  enerqy  are  thus  possible  thrcwqh  better 
protection  of  the  environment. 

MOOKLLING  OFT- ROAD  TVRF1 ; 

Introduction 

The  tyro  is  loaded  through  the  axle  of  a  vehicle;  loads  are  transmitted 
throuoh  the  wheel  disc  and  wheel  rim  on  which  the  tvre  is  mounted  to  form 
tin  wheel.  The  effects  of  this  transmission  on  tyre  deflection  and  cn 
the  effects  recorded  in  a  supportinq  mediim  are  analysed. 

Deformability  of  the  toric  casing  or  tyre 

Tyre  deformabilit"  is  measured  Iry  the  load-deflection  relationship  and 
the  external  geometry  of  the  casino.  It  is  kncvn  that  the  values  of 
these  parameters  increase  with  applied  load  and  decrease  with  increasing 
inflation  pressure  or  ply  rating.  It  has  also  been  observed  that  varia¬ 
tions  in  these  respect ive  parameters  enable  certain  makes  of  tyre  to  be 
{jut  into  plv  rating  categories.  Variations  in  torus  height  being 
urea  ter  than  variations  in  width,  the  measured  parameters  express  the 
general  defornrabi lity  of  the  torus  on  the  one  hand,  and  of  the  sidewalls 
an  the  other.  It  should  still  be  stressed  that  the  cross-sect icn  of  a 
tyre  reveals  a  variable  distribution  in  thickness  along  the  v>alls  and 
that  am  dm  id  1  rect  iona  1  oquipotential  inflation  pressure  will  not  give 
rise  to  the  same  deformation  effects.  This  is  particularly  important  at 
the  lev  inflation  pressures  as  reccmended  for  off -road  operation  and 
more  especially  on  a  crranular  mediim. 

The  variation  in  mfLatinn  pressure  contributes  irainl''  to  a  modification 
in  the  stiffness  of  the  sidtvall  and  has  little  bearina  on  the  tvre  tread. 


18 


The  application  of  force  to  the  tread 
gives  rise  to  normal  and  shearing  forces 
and  a  bending  moment  in  the  section  of 
the  sidewall.  An  equation  for  the 
deflection  of  the  sidewall  subjected  to  a 
load  sustained  by  an  inflation  pressure 
may  be  established.  The  gen  ral 
expression  is: 

_M.  W.y(y) 

Y  *  El  El 


By  retaining  a  unit  of  sidewall  formed  by  a  secticn  1  cm  wide  we  have: 

Y  =  -  W.y(x) 

Er  .  e3/ 1 2 


E  .Y 


where 


e  =  thickness  of  the  sidewall 


W  =  load 

Y  -  bending  deflection 

Er=  Young's  modulus  of  elasticity 


Thus,  the  casing  thickness  at  each  point  depends  on  the  value  of  Ef  given 
to  the  sidewall,  the  applied  load  and  the  tolerated  bendinq  of  the  side- 
wall  for  the  deformation,  given  that  deformation  is  a  function  of  infla¬ 
tion  pressure.  One  of  the  parameters  may  be  calculated  using  ccrputer 
programing  vtfiilst  the  others  remain  constant. 


The  deformation  of  the  sidewall  is  determined  by  effects  in  the  tread 
because  of  the  existence  of  continuity  at  the  shoulder  point.  In  fact 
normal,  shear  effects  and  certain  moments  are  localised  at  the  shoulder 
and  they  then  establish  certain  tread  properties  when  the  tread  is 
applied  to  a  supporting  surface. 
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'Hx-  U  vails  exerted  statically  on  the  trend  can  lielp  us  to  understand  the 
vertical  displacement s  thus  caused.  The  crossply  t',TP  exhibits  vertical 
uofornvat  ions  which  are  clearly  less  tlian  in  tlx?  radial.  In  this  case  the 
inflation  pressure  also  acts  as  stiffner,  Ixit  two  factors  shcxild  be  taken 
into  aivounf  ,  firstly  tlx-  snkvnll-t  r*vad  relation  at  the  shoulder  and 
sec\xv!.ly  tlx-  len-rth  .uid  :r.rin  of  lugs.  Tlie  more  numerous  arxl  the  longer 
th.e  ’.ner,  ’he  srxiller  tlx-  effi-ct  <>f  inflation  pressure.  The  deformat  ions 
4  r.'eii  in  ’he  itansveise  direct  icn  on  tlx*  centre  1  inr*  show  the  particu¬ 
larly  :ri  at  importance  <-f  tlx-  lap;  fillet  radii.  These  .ipjear  to  be 
:  1  ici  s  •  f  iroientat  ion  ;n  tlx-  carcass  of  tlx-  tyre  when  rnly  the  tip-s  of  tlx* 
ti-ac.  bus  siav  -rt  the  hxid  and  it  is  -bservod  that  the  vertical  def  lec- 
•  un  :r,  ’lx  transverse  actim  is  so  ureat  that  the  lugs  <lo  not  cover  the 
cert  n  me. 


r*x  t  tea  i  f  ’he  t yre  is  dsn  ly  tesinn<-d  as  tlx*  ;>irt  of  tlx-  tyre  in  con- 
*.K*t  with  -ix-  croon- 5.  Simulated  for  tlx-  needs  of  the  study  to  a  beam  of 
i cot .in-Tulai  -r.it  set  .  ti,  it  is  possible  to  apip-ly  known  relations.  The 
;ef  lf-ct  icr.s  measured  at  different  locations  of  a  tread  inflected  by  loads 
-ruble  us<-  of  reference  eipuat ions.  Thus  the  deflection  (f)  at  distance 
>:  for  the  supports  for  a  and  b,  tlie  distances  firm  the  point  of  applied” 
’.rtf  the  load  with  respect  to  the  same  supports,  is  given  by: 


W  bx 
•  1  HI 


(1* 


x") 


if  x<a 


Wa  (1  -  x) 
(A  KI 


(2  x  1  -  a  2 


x2)  if  z<x<l 


wtx-re  Vi  ajipluxl  load 

1  ler.-fth  of  the  beam 

ntxiulus  of  elasticity 

I  3  moment  of  inertia  ■  bh-^ 

12 


Thus  as  nay  he  soon,  tlx-  deflection  in  the  tread  followino  localised 
act  un  -,r  rt -act  inn  on  its  surface  is  essentially  dejjendent  nn  E  if  it  can 
take  valtx-s.  which  are  ureat  crmpxared  with  the  possible  scale  of  variation 
-  f  the  -jtlx-r  values  in  the  design  of  a  tyre. 
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'It*-  off-road  tyre  oi  deformable  torus  distinguishes  iietween  the  sulewull, 
slxxildors  and  tread .  To  these  we  shn\  1  Id  add  the  beads  which  ensuo 

contact  with  the  rigid  run,  part  of  tlx?  vehicle  mass  by  virtue  of  .  ts 
construction.  The  figure  below  is  a  general  diagramratic  representation 
of  the  field,  forestry  and  off-road  tyre: 


wheel 


t  vr< 


SOI  , 


disc  or  wheel  Hsc 


bead 


sidewall 


.-JK 

\/  shoulder 

supft>rt  t 'round 


Kin.  2 


T*ie  conditions  of  the  dynamic  behaviour  of  the  tyre  ~  approached  with 
i  '.  lew  to  specifying  the  mode  of  action  of  the  loads  supported  on  the 
ail.  A  special  static  test  rig  has  been  designed  to  this  end. 
itisically  it  is  a  matter  of  seeing  hex*  the  tyre  produces  a  certain 
iry.ient.at  ion  in  fix-  soil  due  to  its  elastic  nature.  The  tyre  is  simu¬ 
lated  sc  i  *  hit  this  may  be  studied  on  a  system  comprising  a  sprina  <ind  a 
iuger  m  i*uallel  as  illustrate*!  in  the  diagram  below. 


h  dar^  ine  characteristic 


Fig.  3 


The  stiffness  of  a  tyre  increases  with  inflation  pressure,  for  both 
radial  anti  diagonal  tyres.  No  effect  has  been  found  due  to  ply  rating 


Variation  in  stiffness  as  a  function  of  inflation  pressure 

Fig.  4 

Kadial  and  cross-ply  tyres  have  different  damping  characteristics  which 
ire  also  influenced  by  their  dimensions.  Increased  inflation  pressure 
roiuccs  the  dairping,  particularly  with  cross-ply  tyres. 


darrping  factor,  kg/s 


ninpirxj  is  clearly  influenced  tay  inflation  pressure  even  more  with  crews 
plies  than  with  radials. 


cross-ply  tyres 


\  i  ,ulial 


6  :  lamp  inn  ieuree 


Kig.  6 


re-soil  relat ion 


Hie  tyre-scul  relation  alleys  tlie  efforts  within  the  supporting  mediin  to 
he  amierstrxad.  Those  effects  are  caused  in  tliree  ways  by  the  action  of 
tlie  tyre  on  a  so  1 1 : 

1 .  orr^iression  which  is  shorn  by  sinknge  and  which  is  aooerpanied  by 
orr^iaction  and  packing  leavinu  cither  a  local  print  or  a  t rack  i.e. 
the  rut; 

•  rotation  which  is  stirwn  by  friction,  grip,  srearinu  or  breakinc  awav 

'  f  1-locks  of  soil; 

i  ivotinq  mwesnent  which  includes  scrapinq  tlie  soil  surface. 


VV  i; 


Tk  s.  ;1  constitutes  a  heteroqeneous  or  coexistent  mass  of  particles, 
hr;  s  ar\i  cl.xls  nr  re  or  loss  evenly  distributed  or  in  networks  with  voids. 

ll.i  lasrirvt  i  f  five  tyro  cvoi  tin-  soil  can  1  •  id  to  structural  orinpict  ion 
wit  (rut  ,if fix**  inc  tin'  Ixisic  lnter-fxirtioulato  stnx'turo,  cause  some 
a  ah  Sk-onco  of  lurt>s  and  clods  nr  load,  to  textural  }x»rkin<i  affect  inq  the 
tusie  stricture.  Hence  empress  inn ,  rotation  and  pivot inn  of  the  tyre 
nil:  !„nv  const  xpiencos  which  are  nr.ro  or  loss  reversible  as  far  as  the 
st  at  i  of  t!«-  sot  1  is  oonoemixi  and  which  will  affect  the  top  arable  soil 
".aye!  s . 

Itklent.it  ;■  ns  I-/  a  tyre  are  slvv/n  l<y  localise!  oci'i  ess  ton,  t!ie  distribu- 
•  .  ■!  which  is  roiimmi  fmrr.  i  t  r.tnsvorse  pr<  -file  at  the  centi.  lino  of 

' :  i  Jiit* -l  r.n  V. ,  i:.  order  to  t  >ns*  rue*  •  h.<  action  of  tfie  ‘road.  or.  the 
at  i; ...  1  li  ;:ki!  '  . 

'  t'.:  :  i>  r  i:>:  tnese  |  r  f  :  In;  ur.  .no  •  *»  c  r;  on*  imi  list  r  iltit  lor.  aeonrdinc 
■  ■  ii  •  r  .insvorst  sect  inn  we  sty  stat.  * ;  _  »t  •  he  <>f*er*:;  :ar  to  Ir  distri- 

>;'oi  as  if  the  iiendinc  nrner.t  s  create.;  i—  rxiie  nf  transfer  of  the 
.  .id:  in  '  fie  t  re.  id  a*  the  ;t»v:!  iei;  -  •  *«•  exprestvxi  in  the  sranular 

•«i.m  •  f  ’lie  s'lrifrirt  me  soil.  ’!*<•  {•••!  l<v  ::i  •  di.v  irons;  s*  *r  1 1 '  us»  rate 
■  r.  1  mat  cm  as  a  ftinc*  p  •>.  f  i.  « « •  when-  •  milai  c.r;nc*ior  .ras 
i  .  n  -  i  r'4  act  i  n.)  . 


iijr/cnni 

iisfi  at  a  t,  distri'kit  ion  !■  tin-  ooneral 

situat  ion 
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TU-  muiels  of  lcvxl  effects  on  supports  taken  fnm  the  theory  of  the 
iitrcnglh  of  materials  nive  what  is  shown  in  the  fiqures  below. 


[iirmHIHHtltllHii!l| 


}  \ 

H  :  tread 
V  :  sidewall 
I’  ;  support 
R  :  re  Inf  <  >rce-w 
mem 

jiimiyUirDrm 

n  i 

- *7  :  rxTMltl- 

L- 


loai 

width 


K 


lso-orrifiact  ion 


Fiq.  8 


1%  buildinq-up  of  on  off-road  tyre  profile  which  only  involves  reduced 
o  reaction  must  take  into  account  models  which  best  qive  the  distribution 
>f  effects  to  attain  this  unal .  Such  a  model  recjuires  the  tread  supports 
to  U'  moved  fr'jr  the  shnuliler  reoion  inwards  V wards  the  centre  of  the 
t  read. 


Flq.  9 


?b 


Thus  it  is  tint  t h« ■  tread  1  eads  us  to  cons  idei  a  l*  vim  <  f  roctamjular 

Mi  U  tided  at  intervals  1-iy  ,  W,,  Wj(  . ind  sub  looted  tr  > 

local  ised  i-owples  C.,  C.,,  v' . on  the  soil.  Hie  distribution  of 

contact  react  utls  1^,  p)(  r^,  ....  is  not  known  a  priori,  but  must  to 

•  t  .msversoly  and  longitudinally  uniform;  it  is  proport  ioria  1  to  the 
lending.  It  is  thus  possible  to  find  a  stiffness.  In  fact  if  q  is 

t.'ie  uniformly  distributed  reaction  under  the  tread,  then 

;ih 

where  p  local  used  rivirt  im 
1  Width 

l«y  subst  1 1  ut  ion  of  p  -ky,  the  relat  loti  between  q  and  y  being  given  by 


±2  :  iL 

dx«  KI 


wt'  'X'*  d  y  kby  „ 

d^  *  El  r  ° 

where  k  is  stiffness. 


Hie  units  ooncemed  are: 

y,  an;  b,  cm;  q,  kg/an  and  k,  kg/cm"* 

2 

with  k  beinc  defined  as  sinkage  depth i  under  a  pressure  of  1  kg/an  . 

2 

Hie  jiroduct  kb  gives  units  of  kg/an  and  is  equivalent  to  the  modulus  of 
elasticity  to  be  found  for  the  soil.  Hius  the  value  of  k  is  related  to 
deformability  of  the  ground  and  acceptable  sinkage. 


Rjtatnn  of  tlx?  tyre  in  contact  with  the  soil  leads  to  friction  and  grip 
to  provide  propulsion,  i.e.  the  reaction  to  the  application  of  the  engine 
torque.  Hie  tread  must  possess  or  create  the  additions  necessary  for 
obtaining  this  friction  and  grip.  Hie  following  interpretive  diagram 
may  be  proposed. 
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W  :  load 

C  :  engine  tonjne 

Wy  :  distributed  loads 

F  :  effort  applied 

f  :  frictional  zones 

c  :  shearing  zone 

rria  :  initial  9oil  conditions 

iH,  :  soil  oonditions  under  the  lugs 

irt  :  inter-lug  901 1  oonditions 

mf  :  soil  after  passage  of  the  wt>eol 

Fig.  tO 

TV*  forward  movement  of  the  tyre  creates  the  rut  and  iirplants  the  lugs  in 
tie  sujjport  mediun.  Thus  different  contact  areas  cure  created  with  the 
urprlnt  area  which  is  continuously  defined.  The  tangential  faces  at  soil 
level  distribute  the  loads  on  the  underlying  soil  and  their  contact  gives 
way  to  friction  when  tangential  forces  are  applied  frcm  the  engine  torque. 
The  orthogonal  faces  at  soil  level,  inplanted  In  the  granular  mass  up  to 
the  limit  of  the  possibility  of  penetration  are  going  to  shear  the  medium. 

It  thus  appears  that  lugs  and  inter- lugs  play  mechanical  roles  in  makinq  a 
cohesive  mass,  providing  resistance  to  shearing  and  increasing  friction 
loth  internally  and  externally.  The  nature  and  properties  of  the 
materials  In  contact  with  the  soil  also  have  a  role  to  play  in  90  far  as 
there  is  adhesion  between  the  tyre  and  the  soil.  This  is  relevant  to  the 
cleaning  of  inter- luq  areas  and  the  strength  of  the  attachment  of  the  luqs 
on  the  tre*i.  These  factors  affect  the  geometrical  positioning  of  the 
lugs,  inter-lugs,  and  fillet  radii  of  the  lugs  on  the  tread. 


APPLICATION  OF  THE  MODEL  AfO  RESULTS 


Developnent  of  the  model 

j  The  underlying  principle  in  the  development  of  cm  off-road  tyre  is  the 

need  to  produce  a  tread  of  corbelled  construction  on  its  supports, 
i  Hence  for  a  tyre  of  given  width,  or  for  a  width  determined  by  a  particular 

application  such  as  ploughing,  the  beads  are  placed  inside  the  width. 

The  position  may  be  calculated.  Use  of  a  conventional  mould  allows  dis¬ 
placement  of  a  part  of  the  sidewalls  in  such  a  way  as  to  satisfy  the  first 
condition.  This  type  of  off-road  tyre  is  called  the  Camel  Shoe  and 
denoted  by  CS. 

The  first  applications  of  the  principle  are  obtained  by  remoulding  of  the 
appropriate  casings. 

Experiments  and  results 

As  in  the  case  of  conventionally  manufactured  tyres,  the  CS  versions  are 
subiected  to  static  tests  for  deflection,  sinkage  and  torque  transmission. 
The  dynamic  response  characteristics  and  performance  cure  analysed  on  test 
tracks  and  in  work  in  the  field. 

Generally  the  sidewall  deflection  of  a  CS  is  greater  than  in  a  conven¬ 
tional  tyre  but  its  variations  are  less  since  the  deflected  profile  becomes 
less  dependent  an  inflation  pressure  and  load. 

i  Hence  the  effective  contact  area  of  the  tread  increases .  As  stated  for 

sinkage  depths  smaller  than  for  conventional  profile  at  similar  inflation 
pressures  and  loads.  It  should  be  noted  that  the  pressures  and  loads 
affect  the  materials  of  the  sidewalls  to  a  better  and  greater  extent. 

Thus  the  suppleness  given  to  the  sidewalls  provides  better  ocmfort  and 
better  load  transfer  to  the  tread  without  Inducing  bending  moments  wfu.cn 
are  too  great  at  the  shoulders. 


1 

i 
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The  values  of  the  modulus  of  stiffness  specific  to  the  parts  of  the  side 
wall  are  given  below  for  two  types  of  tyre: 


Modulus  of  stiffness,  daN/cm2 

Tyre  part 

Conventional  tyre 

CS  tyre 

Shoulder 

22  000 

47  000 

Middle  of  sidewall 

54  000 

35  500 

Bead 

24  000 

42  500 

Complete  sidewall 
(mean  modulus) 

34  000 

41  000 

Cn  average  there  are  few  differences  between  che  tyres,  yet  the  distrihxi- 
tion  of  the  values  is  inversely  related  to  their  size  for  each  part. 

Hence  for  a  given  distribution  of  material  thicknesses  we  should  expect 
to  find  similar  deformations  at  the  bead  and  shoulder  although  the  canter 
of  the  sidewall  is,  strictly  speaking,  greater  in  the  CS . 

Traction  performances  obtained  with  different  tyres  are  evaluated  by 
taking  the  following  factors  into  consideration:  fuel  oonstnptian , 
engine  speed,  forward  speed,  slip  and  work  done.  The  latter  concerns 

tasks  such  as  ploughing,  harrowing  and  traction,  similar  mean  conditions 
which  integrate  the  variations  encountered  on  given  terrain  under  similar 
circumstances. 

The  development  of  values  measured  from  areas  between  consecutive  lugs  of 
the  same  tread  profiles  in  2  manufactured  designs  -  conventional  ana  CS  - 
enables  appreciation  of  the  effect  of  inflation  pressure  for  an  identical 
load. 


Tyre 

Tyre  inflation  pressure 
k Pa 

120-160  160-200  120-200 

Decrease  in  contact  patch  area,  % 
- 1 - 1 - 

CS 

Conventional  tyre 


1-2 

6 


6-13 

24 


8-13 

31 
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It  Is  obvious  that  the  CS  verifies  the  greater  Independence  with  respect 
to  inflation  pressure,  and  this  applies  to  all  acceptable  loads. 

Traction  performance  is  related  directly  to  the  effective  contact  area  of 
the  lugs  on  the  tread.  Experimental  values  are  given  below: 


Operat ion 

P lough ina  1 

Ploughing  2 

Harrowing 

Tyre 

CS 

con 

CS 

CON 

CS 

OON 

Area  worked,  ha/h 

0.22 

0.19 

0.22 

0.20 

0.64 

0.61 

Volume  worked,  mVh 

792 

513 

660 

450 

1280 

1220 

Fuel  oonsurpt  icn  per 
unit  volume,  ml/mP 

6.2 

8.4 

7.1 

9.0 

3.8 

4.1 

Ploughing  1  :  without  differential  locking  or  four-wheel  drive 
Ploughing  2  :  with  locking  and  four-wheel  drive 
CS  :  Camel  Shoe  CON  :  conventional  tyre 


Other  tests  confirm  these  values.  They  may  be  translated  Into  practical 
farming  terms  by  the  possibility  of  using  a  tractor  of  less  power  to  do 
the  same  work  in  the  same  conditions.  It  should  be  noted  that  the  CS 
enables  more  effective  work  at  low  Inflation  pressures  and  that  a  first 
oanparlscn  between  different  tread  profiles  has  not  shewn  arty  advantages. 
In  arty  case  recorded  slippage  is  always  less  with  the  CS. 


CCNCLUSICNS 


Static  and  dynamic  experiments  on  agricultural  and  forestry  tyres  enable 
quantification  of  the  physical  characteristics  of  manufactured  tyres.  At 
the  same  time,  observation  of  the  effects  in  the  granular  mass  helps  in 
the  development  of  explanatory  models.  Their  use  in  the  design  of  new 
cross-sections  thus  enables  reasoned  calculation  of  the  construction  of 
tyres. 

After  experimental  production  of  tyres  from  the  calculated  data,  tests  may 
be  carried  cut  to  justify  the  developed  models.  Standardisation  of  test 
methods  for  manufactured  tyres,  such  as  those  considered  in  the  course  of 
a  previous  paper,  is  thus  desirable  to  inform  users  as  to  the  conditions 


of  use;  manufacturing  techniques  can  also  be  developed  by  using  the 
knowledge  gleaned  fnxn  this  research  as  a  starting  point. 
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DEVELOPMENT  OF  A  SOIL-WHEEL  INTERACTION  MODEL 

Georqe  Y.  Ralndi  (Member,  IS'WS)  and  Behzad  Rohanl 

U.S.  Arnry  Knqineer  Waterways  Experiment  Station,  Vicksburg,  Mississippi 


ABSTRACT 

The  development  of  a  mathematical  model  for  calculating  the  motion  resis¬ 
tance,  stnkage,  drawbar  pull,  torque,  and  side  force  for  a  flexible  wheel 
traversing  a  yielding  (or  deformable)  surface  is  described.  In  order  to 
make  the  problem  tractable,  the  deformed  boundary  of  the  wheel  is  assumed 
to  be  an  arc  of  a  larqer  circular  wheel.  The  entire  soil-wheel 
interaction  process  is  treated  as  two  springs  in  series,  one  describing 
the  flexibility  of  the  tire  and  one  describing  the  elastic-plastic 
deformation  of  the  soil.  Mathematical  expressions  are  derived  for  the 
two  spring  constants  in  terms  of  the  load  deflection  characteristics  of 
the  tire,  the  undeflected  configuration  of  the  wheel,  and  the  mechanical 
properties  of  the  soil  (both  shearing  response  and  compressibility 
character ist ics) . 

The  system  of  equations  describing  the  performance  of  the  wheel  is  solved 
numerically  via  a  computer  program  called  TIRE.  Using  this  program,  a 
series  of  parametric  calculations  is  conducted  to  demonstrate  the  applica¬ 
tion  of  the  methodology  and  to  study  the  performance  of  flexible  wheels 
on  different  types  of  soil  under  various  kinematic  conditions.  A  partial 
validation  of  the  proposed  interaction  model  is  established  by  comparing 
the  results  of  a  large  number  of  laboratory  single  wheel  tests  on  both 
clay  and  sand  with  the  corresponding  model  predictions. 
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INTRODUCTION 


The  determination  of  the  response  of  a  single  flexible  wheel  traversing  a 
yielding  (or  deformable)  surface  Is  essential  for  the  analysis  of  the 
steering  performance  of  wheeled  vehicles.  Specifically,  the  slnkage, 
motion  resistance,  drawbar  pull,  torque,  and  side  forces  acting  on  a 
powered  flexible  wheel  moving  on  a  yielding  soil  must  be  accurately 
determined.  Due  to  the  overwhelming  complexity  of  this  problem,  previous 
research  in  this  area  has  been  directed,  by  and  large,  towards  extensive 
experimentation  and  the  development  of  empirical  equations  relating  the 
various  parameters  of  the  problem^(R£ference  1).  Unfortunately,  these 
empirical  equations  are  not  generic  and  apply  only  within  the  range  of 
the  experimental  data  on  which  they  are  based.  On  the  other  hand,  most 
of  the  analytical  Investigations  conducted  in  this  area  are  based  on  the 
assumption  of  a  rigid  wheel  (Reference  2).  That  la,  the  effect  of  the 
flexibility  (elasticity)  of  the  tire  on  the  kinematics  of  the  wheel  is 
neglected.  Even  In  the  case  of  the  rigid  wheel,  there  is  no  general 
equation  that  can  predict  accurately  the  slnkage  as  a  function  of  applied 
load,  configuration  of  the  wheel,  and  the  engineering  properties  of  soil 
(Reference  3).  In  a  recent  article,  FuJ lmoto  (Reference  4)  Introduced 
the  flexibility  of  the  tire  in  his  analysis  of  the  performance  of  elastic 
wheels  on  cohesive  soils.  He  Introduced  an  empirical  relation  between 
the  central  angle  of  the  wheel,  the  Internal  pressure  of  the  tire,  and 
the  radial  stress  acting  on  the  periphery  of  the  tire.  Tlie  radial  stress 
was  assumed  to  be  constant  over  the  periphery  of  the  tire.  Fujimoto 
concluded  that  the  determination  of  the  radial  stress  is  the  most  diffi¬ 
cult  problem  in  the  analysis  of  soil-wheel  interaction  and  recommended  an 
empirical  relation  between  the  mobility  cone  index  (Cl)  and  the  radial 
st  ress . 

The  objective  of  the  present  investigation  is  to  develop  a  rational  soil- 
wheel  interaction  model  that  is  free  from  excessive  empiricism  and  is 


general  enough  to  treat  a  wide  range  of  problems.  the  core  of  the  model 
is  a  method  for  predicting  the  sinkage  as  a  function  of  applied  load, 
deflection  of  the  tire,  slip,  undeformed  geometry  of  the  wheel,  and  the 
fundamental  engineering  properties  of  the  soil  (such  as  cohesion,  angle  of 
internal  friction,  density,  compressibility,  etc.).  Accordingly,  the 
model  .an  be  used  to  predict  sinkage  in  sand,  clay,  or  soils  exhibiting 
both  cohesive  and  frictional  properties.  The  equilibrium  conditions  and 
the  sinkage  of  the  wheel  are  then  combined  to  calculate  motion  resis¬ 
tance,  drawbar  pull,  torque,  etc. 

To  demonst  rate  the  application  of  the  proposed  model,  a  series  of  para¬ 
metric  calculations  is  conducted  to  determine  the  performance  of  flexible 
wheels  on  different  types  of  soil  under  various  kinematic  conditions. 

Also,  a  partial  validation  of  the  model  Is  established  by  comparing  the 
results  of  a  large  number  of  laboratory  single  wheel  tests  on  both  clay 
and  sand  with  corresponding  model  predictions. 

DERIVATION  OF  THE  SOIL-WHEEL  INTERACTION  MODEL 

General  Procedure 

The  most  essential  part  of  the  soil-wheel  Interaction  model  is  a  >rocedure 
for  determining  the  sinkage  of  a  flexible  wheel.  The  basic  parameters 
that  must  be  included  in  such  a  procedure  are  the  applied  load,  configura¬ 
tion  of  the  wheel,  flexibility  or  elasticity  of  the  tire,  slip,  and  the 
fundamental  engineering  properties  of  the  soil  (such  as  shear  strength 
and  compressibility).  The  development  of  the  physical  soil-wheel 
interaction  model  Is  presented  in  detail  In  the  subsequent  sections  and 
Is  based  on  the  assumption  that  the  entire  interaction  process  can  be 
simulated  by  two  springs  In  series,  with  one  spring  defining  the  elastici¬ 
ty  of  the  tire  and  the  other  describing  the  elastic-plastic  deformation 
of  the  soil.  These  two  springs  are  then  combined  into  a  single  equivalent 
spring  describing  the  interaction  of  the  soil-wheel  system. 

The  slamlatlon  of  the  resistance  of  the  soli  by  a  spring  constant  leads 
to  a  nonuniform  distribution  of  normal  stresses  at  tha  soil-wheel 
Interface.  The  shear  stresses  at  the  soil-wheel  Interface  are  calculated 
from  a  rheological  model  which  describes  the  shearing  stress-strain 
characteristics  of  the  soil.  The  final  step  of  the  analyses  Is  to 
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determine  the  motion  resistance,  drawbar  pull,  torque,  efficiency,  and 
side  force  for  a  flexible  wheel  traversing  a  yielding  surface.  These 
parameters  are  calculated  based  on  the  assumption  that  the  deformed 
boundary  of  the  tire  is  an  arc  of  a  larger  circular  wheel. 

Spring  Constant  for  a  Flexible  Tire 

A  typical  load-deflection  curve  for  a  flexible  tire  on  a  rigid  surface  Is 
shown  In  Figure  1  where  A  denotes  the  deflection  of  the  tire  at  point  A. 
In  practice,  A  is  usually  expressed  as  a  percentage  of  the  unloaded 
section  height  of  the  tire  (Figure  2).  The  radial  deflection  of  a  generic 
point  B  along  the  periphery  of  the  tire  at  an  angle  u  is  specified  by 
A  (Figure  1).  If  the  deformed  section  of  the  tire  is  characterized  by  a 
continuous  spring  with  constant  k^  ,  then  the  vertical  differential  force 
dF  applied  at  point  B  can  be  expressed  as 

dF  "  kt  "u  C0Sl  d,‘ .  U> 


From  Figure  1,  can  be  expressed  In  terms  of  A  ,  a  ,  and  the  unde¬ 

flected  radius  of  the  wheel  R 


COST 


JR _ 

COSH 


COS!  - 


(2) 


Substitution  of  Kquatlon  2  Into  Equation  1  leads  to 


dF  -  Rk 


t[cosu  -  (l  -  f  )] 


da 


Also,  from  Figure  1, 


t  .  A 

cos  —  -  1  -  - 


(3) 


(4) 


In  view  of  Equations  3  and  4  and  static  equilibrium,  the  applied  load  W 
can  be  expressed  as 


t 


dF  •  2Rkt 


W  -  2 


(3) 


Figure  1.  Load-def lect ion  curve  for  a 
flexible  tire  on  a  rigid  surface 

UNLOADED  SECTION  WIDTH  (D) 

UNLOADED  RADIUS  (R) 

UNLOADED  SECTION  HEIGHT  (h) 

DEFLECTION  AT  GIVEN  LOAD  =  .',/h 


Figure  2.  Tire  geoaetry 
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Integration  of  Equation  S  leads  to  the  following  relation  for  the  spring 
constant  k 

t 


k  - 


2R 


(8m 


(6) 


The  spring  constant  k(  can  also  he  expressed  In  terms  of  A  by  com¬ 
bining  Equations  <t  and  h : 


r 

2  A 

[#  -  >  - 

(!-- 

)  cos-1  ( 

>  -  -:)J 

Equation  7  Is  portrayed  in  the  top  of  Figure  1. 
ring  Constant  for  Soli 

I-et  '  be  the  radial  stress  necessary  to  maintain  a  slow  expansion  of  a 
spherical  cavity  In  an  elastic-plastic  medium  from  radius  R^  to  R 
(Figure  la).  The  radial  stress  o  is  expressed  analytically  In  terms  of 
the  shear  strength  parameters  and  the  volume  change  characteristics  of 
soli  (Reference  5).  The  resistance  of  the  soli  to  expansion  of  the  spheri¬ 
cal  cavity  can  be  simulated  by  a  continuous  spring  characterized  by  spring 

constant  k  From  Figure  la,  the  spring  constant  k  can  be  expressed 

9  8 


k 

s 


"(R  +  Ro) 


CJ 

c 


(8) 


where  R  -  R^  corresponds  to  spring  deflection.  Now  consider  a  wheel  of 
radius  R  embedded  In  soli  to  a  depth  R  -  R  (Figure  3b).  The  normal 
stress  at  point  A  resisting  the  embedment  of  the  wheel  Is  assumed  to  be 
equal  to  the  radial  stress  Inside  the  expanding  cavity.  Similar  to 

expansion  of  the  spherical  cavity  (Figure  la),  the  resistance  of  the  soil 
t"  the  embedment  of  the  wheel  can  also  be  simulated  by  a  continuous  spring 
with  constant  kg  given  by 


,s 

v 


ANALOGY  BETWEEN  A  WHEEL  EM8E0DED  IN  SOIL  AND  CAVITY  EXPANSION  PROBLEM 


Figure  3.  Proposed  aodel  for  computing  the  spring  constant  for  soil 
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i 


k  - 

s 


R 


RD 
-  R 

o 


(9) 


where  D  is  the  unloaded  section  width  of  the  wheel  (Figure  2).  Combining 
Kquations  8  and  9  we  obtain 


"(■»  +  RJ(R  '  Ro) 

RD 


(10) 


where,  from  Figure  3b 


R  +  R  •  R^l  +  cos  y^j .  (11) 

R  -  R^  ■  r(i  -  cos  y-^j .  (12) 


Substituting  Equations  11  and  12  Into  Equation  10  and  solving  for 

cos  /2  and  "  ,  we  obtain 

s  s 


cos  y^  -  ^1  -  .  (13) 

s  '  2  .  (14> 


Substitution  of  Equations  11  and  13  Into  Equation  8  leads  to  the  following 
expression  for  the  spring  constant  k^  : 


k  * 

s 


(13) 


It  is  clear  from  Equation  13  that  the  apparent  spring  constant  of  the  soil 

is  a  function  of  the  engineering  properties  of  soil  through  i  and  the 

c 

geometry  of  the  tire. 

foju lvalent  Spring  Constant  for  the  Soll-Tlre  System 


The  model  of  the  soil-tire  system  in  terms  of  the  spring  constants  k^  and 

k  is  portrayed  in  Figure  4.  The  equivalent  spring  constant  k  fcr 
*  e 


the  soil-tiro  system  can  be  determined  from  static  equilibrium  and  is 
given  as 


k  k 

k  -  -  l-  — 
e  k  +  k 
s  t 


Normal  and  Shear  Stress  Distributions  at  the  Soil-Tire  Interface 


Based  on  the  concept  of  the  spring  analogy  advanced  in  the  previous  sec¬ 
tions,  the  expression  for  differential  vertical  force  at  a  generic  point 
at  the  soil-tire  Interface  can  be  expressed  as  (Figure  5) 


,  n  /  0\ 

/  rt\ 

/  -  V 

k  R 1  cosh  -  cos  — 

cos  la  +  -z  i 

L  +  2 

|  d  >  -  8  A  .  21 

'  2) 

\  2) 

cosa 

T  ^  0U  0  <*F 

p  N  c 


Figure  5.  Normal  stress  distribution  along  the 
soil-tire  interface 


Solving  Equation  17  for  o  ,  we  obtain 

N 


k  ^  ( (  o s  i  -  (  08  j 


In  view  of  Equations  9  and  12,  Equation  18  becomes 
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s 


^  I'l'S  *  -  t  OS  •,  )  • 

j  1  -  ,  os  )  *  '>s  . 


(14) 


V.ijuat  ion  1'*  describes  tin-  distribution  of  normal  stress  •  at  the  so  1 1  - 
t;r«  intorf.n*.  Note  that  at  point  A  (Figure  S)  where  i  *  0,  Equation  14 

mill.. ites  that  •  ,  which  is  eons  i  st  ent  with  the  assumption  made  in 

the  previous  set  t  ions.  <Yi  the  other  hand,  at  the  free  surface  where 
i  -  •  J  (Figure  S)  Equat  ion  14  Indicates  that  "  0  at  these  points. 

i  .insider  now  a  tire  with  turn  angle  with  respect  to  the  direction  ot 

motion.  The  plan  view  of  the  tire  is  shown  In  figure  ha.  If  slip  in  the 
;!ane  of  t  lie  wheel  is  defined  bv  the  slip  ratio  S  ,  then  slip  in  the 
direction  of  the  motion  can  he  expressed  as 


4  direction  of  motion 


OBP  MF 


A 

A 


b.  STRESS  DISTRIBUTION  ALONG 
SECTION  AA 


Figure  b.  Geometry  of  the  tire  with  turn  angle  n 

The  components  of  shear  stress  parallel  and  perpendicular  to  the  plane  of 
the  wheel  t  and  ,  respectively,  can  be  obtained  from  the  rheological 

soil  model  presented  In  Reference  *> . 
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Combining  Equation  20  with  the  rheological  soil  model  results  In  the 
following  expressions  for  i  and 


c(c 

♦  C’N  tan*) 

IS 

p 

j  CS  j 

if 

tan$ 

I  cosn I 

+  C  +1N 

c(c  + 

'N  tanljs 

tann 

N 

j  CS 

+  C  +  l,N 

tan$ 

|  cosn 

(21) 


(22) 


where  c  Is  given  by  Equation  19.  In  Equations  21  and  22,  C  ,  C  ,  and 
t  correspond,  respectively,  to  shear  modulus,  cohesion,  and  angle  of 
Internal  friction  of  the  material. 

Deflection  and  Slnkage  of  a  Flexible  Tire 

If  the  deflection  of  a  flexible  tire  on  a  rigid  surface  under  a  given  load 
W  Is  denoted  by  (Figure  1),  then  the  corresponding  deflection  on  a 
yielding  soil  (Figure  7b)  can  be  determined  from  the  concept  of  the 

equivalent  spring  constant 


k  +  k 


(23) 


Similarly,  If  Z^  Is  the  slnkage  of  a  rigid  wheel  under  a  given  load  W 
(Figure  7c),  then  the  corresponding  slnkage  Z  of  a  flexible  wheel 
(Figure  7b)  is 


1  •  (=rN>- 


(24) 


The  slnkage  Z^  can  be  calculated  from  the  balance  of  forces  In  the 
vertical  direction  (Figure  8a) 


W  -  DR 


2 

Jj”  cos  +  t  sln^i  +  y^jdu 


(25) 


a.  RIGID  SURFACE-FLEXIBLE  TIRE 


<•  7.  Variation  of  t  hr  central  angles  Mj  and  "2 
and  slnkage  l.  with  relative  rlgldlt  ot  the 
tire  and  soli 


a.  SINKAGE  OF  A  RIGID  WHEEL 


b.  SINKAGE  OF  A  FLEXIBLE  WHEEL 


Figure  8.  Geometry  of  the  problem 
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The  shear  stress  In  Equation  2")  can  be  obtained  from  the  rheological 

soil  model  described  in  Reference  1  and  has  the  following  form 


(.(C  ♦  -s  tanrjS 

*tisT  ♦  ('  +  •  tan: 

N 


(27) 


where  •  is  given  bv  Equation  2b.  fhe  solution  of  Equation  2S  leads  to 


an  expression  tor 
f  ran  (El gure  7c ) 


The  actual  stnkage  7.  can  then  he  calculated 


Kfl  -  cos 


(28) 


Re  la  t 1 unshl ps  Governing  Single  Wheel  Performance 
t -v ome try  of  the  problem 

consider  the  geometry  and  boundary  conditions  for  a  flexible  wheel-soli 
system  shown  In  Figure  8b.  The  contact  surface  between  the  wheel  and  the 
soil  Is  assumed  to  be  an  arc  of  a  circle  with  a  radius  equal  to  or  larger 
than  the  undeflected  radius  of  the  wheel  (onlv  in  the  case  of  the  rigid 
wheel  is  the  radius  equal  to  the  undeflected  radius).  The  center  of  this 
circle  O’  Is  located  at  the  Intersection  of  the  vertical  line  through 
point  A  and  the  bisector  of  the  angle  AOB  .  According  to  Figure  7b,  the 
relationship  between  the  angle  ,  the  slnltage  Z  ,  and  the  deflection 

of  the  tire  Is 

1  ’  co,‘1(1 '  1  ■  ir) .  (29) 

Also,  from  the  geometry  of  Figure  7b 

2  ‘  C09‘1(1  -F) .  (30) 

From  the  geometry  of  Figure  8b 

R’  - - t . —  .  (31) 

1  -  Co.(",  -  <‘2) 
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t.-.t  data.  I'll,  Si*  1  til  .  urvc  i:i  Kigtue  u  mav  he  viewed  .is  the  average 
r«  spans,  uvl  is  titled  with  tin-  following  rn.iilnm.itlr.il  exp ri'ss i on  li>r 
.  .1  i .  ii  1 .1 1  i  i-ns  . '  f  uiti-m.il  motion  i s  i  st  am  e : 


Mol  ion  resistance,  Jr.iwh.i_r  pill  1  ,  i  nrquc ,  iff  lciency  and  side  font- 

Wi  can  now  proceed  to  develop  appropr  1  at  e  equat  Ions  tor  motion  ruslstanre 
iVK).  drawbar  pull  (t»BP),  torque  (H,  and  efficiency  (K).  From  Figures  h 

and  HP 


2 


2 


R  sin'i 


2 


sin 


M  —  r  • 

1  2 


ii^d  i 


(3 


K 


S) 


where  •  and 
replaced  by 


f'-\> .  (3 

ip  are  given  by  Equations  19  and  21,  respectively,  with 

2/  sln2 
■j  -  2  •  and  MF  "  K  V'  1 - T~ 


sin' 


Stmi larly , 


from  Figures  fi  and  8  the  side  force  (SF)  Is 
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1 


(38) 


whore  •  is  given  bv  Equation  22.  The  above  system  of  equations  pro¬ 
vides  a  complete  solution  to  the  performance  of  a  flexible  tire  traversing 
a  yielding  soil.  A  computer  program  called  TIRE  has  been  developed  which 
numerically  solves  the  above  system  of  equations. 

PARAMETK 1 C  STUDIES  OF  THE  PERFORMANCE  OF 
A  FLEXIBLE  WHEEL  ON  A  YIELDING  SOU. 

In  this  part,  the  performance  of  a  flexible  wheel  on  both  clay  soil  and 
sand  is  parametrically  investigated  (for  n  -  0).  In  addition,  the  effects 
of  the  unloaded  section  width,  the  deflection  of  the  tire,  and  the  slip 
ratio  on  the  performance  of  the  wheel  are  also  analyzed.  The  radius  of 
the  flexible  wheel  used  for  the  central  case  Is  1 A . 1  In.,  its  width  is 
8.28  in.,  and  its  carcass  section  height  is  b. 35  in.  All  calculations 
were  conducted  for  an  applied  wheel  load  of  1000  lbs.  The  results  of  the 
parameter  study  are  presented  In  the  following  sections. 

S i nkage 

The  results  of  the  calculations  for  assessing  the  effect  of  soil  type, 
slip  ratio,  and  tire  deflection  on  slnkage  are  presented  in  Figures  10 
through  13.  Figures  10  and  12  Indicate  that  for  both  clay  soil  and  sand 
sinkage  increases  with  increasing  slip  ratio.  The  effect  of  tire  deflec¬ 
tion  on  slnkage  is  portrayed  in  Figures  11  and  13  for  clay  and  sand, 
respectively.  As  indicated  in  these  figures,  the  sinkage  decreases  rapidly 
with  increasing  tire  deflections  from  zero  (rigid  wheel)  up  to  approxi¬ 
mately  40  percent  deflection.  Beyond  40  percent  deflection,  the  rate  of 
decrease  in  slnkage  is  small. 

Motion  Resistance 

The  effects  of  soil  type,  slip  ratio,  and  tire  deflection  on  motion  resis¬ 
tance  are  shown  in  Figures  14  through  17.  Figures  14  and  lb  indicate  that 


writ*  resistance  m/u  j  sinrage  2/R  z  sinrage  z/b 
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motion  resistance  Initially  decreases  with  Increasing  slip  ratio  up  to  a 
slip  rat lo  of  approximately  4  percent  and  Increases  thereafter.  This 
initial  decrease  In  motion  resistance  has  been  observed  experimentally  and 
Is  attributed  to  the  plowing  action  of  the  tire.  The  increase  In  motion 
resistance  at  higher  slip  ratios  Is  due  to  an  Increase  in  sinkage  (see 
Figures  10  and  12).  Relat lonships  between  motion  resistance  and  tire 
deflection  for  each  soli  type  studied  are  shown  in  Figures  13  and  17.  The 
motion  resistance  Initially  decreases  with  increasing  tire  deflection  and 
reaches  a  minimum  value  at  about  10  percent  deflection.  At  tire  deflec¬ 
tions  higher  than  30  percent,  the  motion  resistance  increases  again.  The 
Initial  decrease  In  motion  resistance  can  be  attributed  to  the  initial 
rapid  decrease  in  sinkage  (see  Figures  11  and  13).  The  Increase  in  motion 
resistance  at  deflections  larger  than  40  percent  is  due  to  a  rapid  increase 
In  the  internal  motion  resistance  of  the  tire  (see  Figure  9). 

Drawbar  Pull 

Figures  18  through  21  portray  the  effects  of  soil  type,  slip  ratio,  and 
tire  deflection  on  drawbar  pull.  Figure  18  Indicates  that  for  clay  soil 
the  drawbar  pull  Increases  rapidly  for  slip  ratios  between  zero  and  about 
10  percent.  For  higher  slip  ratios,  the  Increase  in  drawbar  pull  Is 
relatively  small.  For  sand,  on  the  other  hand,  the  drawbar  pull  increases 
rapidly  and  reaches  a  peak  value  at  about  20  percent  slip  ratio  (Figure 
20).  The  drawbar  pull  then  drops  for  slip  ratios  In  the  range  of  about  20 
to  30  percent.  Beyond  30  percent  slip  ratio,  the  drawbar  pull  increases 
very  slowly.  This  type  of  behavior  also  has  been  observed  experimentally. 
Relationships  between  drawbar  pull  and  tire  deflection  for  each  type  of 
soil  studied  are  presented  in  Figures  19  and  21.  As  indicated  in  Figures 
19  and  21,  the  drawbar  pull  Initially  increases  with  deflection  up  to  a 
deflection  of  approximately  30  percent.  Beyond  this  deflection,  the 
drawbar  pull  decreases  because  of  a  rapid  increase  in  the  internal  motion 
resistance  of  the  tire  (see  Figure  9). 

K  f  f  e  i  t  pi  Section  Width  on  lire  Performance 

Figures  22  through  23  present  the  effect  of  the  unloaded  section  width  on 
sinkage,  motion  resistance,  drawbar  pull,  and  torque,  respectively,  for 
clay  soil  at  13  percent  tire  deflection.  Figure  22  show-  that  sinkage 
decreases  rapidly  as  tire  width  increases  from  approximate;  !>/K  -  0.2  to 
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;i/K  -  0.  S.  For  Larger  tire  widths  t  M*-  derriasc  in  slnkage  is  relatively 
small.  Figure  2  1  shows  that  the  motion  resistance  decreases  as  the  width 
of  the  tire  Increases.  This  is  expected  because  as  the  width  of  the  tire 
increases,  the  slnkage  decreases  (see  Figure  2.2).  It  should  he  pointed 
out  that  in  Figure  21  the  internal  motion  resistance  of  'he  tire  was 
assumed  to  he  independent  of  the  width  of  the  tire.  If  the  effect  of 
width  on  the  Internal  motion  resistance  of  the  tire  were  taken  Into  con¬ 
sideration,  the  result  in  Figure  21  would  have  been  different. 

Figure  24  indicates  that  the  drawbar  pull  increases  as  the  tire  width 
increases.  Most  of  the  increase  in  the  drawbar  pull  takes  place  for  the 
!  ire  widths  less  than  SO  percent  of  the  radius.  For  larger  tire  widths, 
the  rate  of  increase  in  drawbar  pull  is  relatively  small.  This  behavior 
is  also  related  to  slnkage  (Figure  22),  where  it  is  observed  that  most  of 
the  decrease  in  slnkage  takes  place  for  tire  widths  less  than  II)  perrent 
of  the  radius.  The  relationship  between  torque  and  tire  width  is  shown  in 
Figure  2“).  The  trend  in  Figure  25  is  similar  to  Figure  24. 

CORRELATION  OF  TEST  DATA  WITH  MODEL  PREDICTIONS 


Background 

The  results  of  the  extensive  parameter  studies  presented  In  the  previous 
section  indicated  that  the  model  predictions  are  qualitatively  in  agreement 
with  the  observed  performance  of  flexible  wheels  on  a  yielding  soil.  A 
detailed  quantitative  validation  of  the  proposed  model  requires  controlled 
laboratory  tests  and  the  measurement  of  the  appropriate  soil  properties 
discussed  In  Reference  5.  A  partial  validation  of  the  model,  however,  can 
be  accomplished  by  using  test  data  already  documented  in  the  lit  rature. 

The  main  drawback  in  using  existing  data  from  the  literature  is  the  lack 
of  information  on  the  mechanical  properties  of  the  soil  used  in  the  experi¬ 
ment.  Usually  the  soil  is  characterized  in  terms  of  simple  indices  such 
as  the  mobility  cone  index  (Cl).  These  indices  must  be  translated  to  the 
appropriate  soil  properties  required  by  the  proposed  model.  This  is  not 
an  easy  task  and  requires  a  separate  analysis  (divorced  from  the  soil- 
wheel  interaction  model)  to  make  such  a  translation.  Usually  one  is 
forced  to  determine  the  numerical  values  of  several  material  constants 
from  an  index  such  as  the  Cl.  This  inherently  Introduces  uncertalnt les 


(or  a  bias)  in  the  numerical  values  of  the  constants  which,  of  course, 
will  affect  the  degree  of  correlation  between  the  model  predictions  and 
the  test  data.  In  spite  of  such  uncertainties,  a  partial  validation  of 
the  proposed  soil-wheel  interaction  model  is  attempted  for  the  zero  turn 
angle . 

Test  Parameters 

Test  data  for  13  different  tires  and  2  soil  types  (clay  and  sand)  were 
selected  from  the  literature  for  correlation  with  model  predictions 
(Reference  1).  The  D/R  of  the  te  tires  ranged  from  0.122  (bicycle  tire) 
to  1.737.  A  total  of  163  data  points  was  selected  (63  test  data  for  clay 
and  100  for  sand)  for  different  wheel  loads  and  tire  deflections.  The 
tests,  however,  were  all  conducted  at  20  percent  slip.  Soil  data  for  all 
the  tests  were  given  in  terms  of  the  mobility  cone  index  (Cl).  Using  a 
methodology  developed  in  Reference  7,  the  appropriate  soil  properties 
required  by  the  model  were  estimated  from  the  Cl  data.  A  summary  of  all 
the  test  data  and  the  companion  soil  properties  are  given  in  Reference  3 
and  for  the  sake  of  brevity  are  not  Included  in  this  paper. 

Model  Predictions 

The  results  of  model  predictions  are  plotted  against  the  corresponding  test 
data  in  Figures  26  through  31  for  slnkage,  drawbar  pull,  and  torque.  Each 
figure  contains  a  45-degree  line  (line  of  perfect  correlation),  a  line  of 
least  square  fit,  and  the  standard  deviation  7  which  signifies  the 
deviation  between  the  experimental  data  and  the  corresponding  model  predic¬ 
tions.  It  is  a  measure  of  the  deviation  of  the  data  points  in  the  figures 
from  the  line  of  perfect  correlation.  Comparisons  between  the  least  square 
lines  and  the  45-degree  lines  indicate  that  the  overall  correlation  of  the 
model  predictions  with  the  test  data  is  very  reasonable  in  spite  of  two 
possible  sources  of  error — that  is,  the  general  scatter  in  the  test  data 
and  the  uncertainty  in  estimating  several  soil  properties  from  a  single 
rone  index.  The  slnkage,  which  is  one  of  the  most  difficult  parameters  to 
predict,  has  the  lowest  standard  deviation.  The  degree  of  correlation 
exhibited  between  the  test  results  and  model  predictions  Indicates  that 
the  physical  basis  of  the  proposed  soil-wheel  Interaction  model  is  sound 
for  both  cohesive  soils  and  granular  materials.  Therefore,  it  may  be 
concluded  that  the  proposed  model  is  capable  of  simulating  the  interaction 
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Figure  30.  Predicted  vereut  Miiurtd 
torque  (or  eend 
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between  a  flexible  tire  and  a  soil  exhibiting  both  cohesive  and  frictional 
propert  teg. 


SUMMARY  AND  CONCLUSIONS 


A  mathemat leal  model  for  calculating  the  motion  resistance,  sinkage,  draw¬ 
bar  pull,  torque,  and  side  force  of  a  flexible  wheel  traversing  a  yielding 
soil  has  been  developed  and  computerized  for  numerical  application.  The 
entire  soil-wheel  Interaction  process  was  treated  as  two  springs  In  series, 
one  describing  the  flexibility  of  the  tire  and  the  other  describing  the 
strength  of  the  soli.  Mathematical  expressions  were  derived  for  the  two 
spring  constants  In  terms  of  the  load-deflection  characteristics  of  the 
tire,  the  undeflected  configuration  of  the  wheel,  and  the  mechanical 
properties  of  the  soil.  The  motion  resistance,  drawbar  pull,  torque, 
efficiency,  and  side  force  for  the  flexible  wheel  were  obtained  from  the 
equilibrium  equations  by  assuming  that  the  deformed  boundary  of  the  tire 
is  an  arc  of  a  circle  with  a  radius  equal  to  or  greater  than  the  unde- 
flected  radius  of  the  wheel.  The  model  Is  partially  validated  by  comparing 
the  results  of  a  large  number  of  laboratory  test  data  for  single  tires  on 
both  clay  and  sand  with  the  corresponding  model  predictions.  Efforts  are 
presently  underway  at  WES  to  couple  the  soil-wheel  interaction  model  with 
the  dynamic  equilibrium  equations  of  multi-axle  wheeled  vehicles  for 
analysis  of  the  steering  performance  of  such  vehicles. 
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NOTATION 


i  Cohen  Ion 

I)  Unloaded  sec  tion  width  of  the  tire 

DBP  Drawbar  pull  applied  on  the  tire 

dF  Vertical  differential  force 

E  Efficiency  of  the  tire 

G  Shear  modulus 

h  Unloaded  section  height 

IMR  Internal  motion  resistance  of  the  tire 

k^  Equivalent  spring  constant  for  soil-tire  system 

k^  Spring  constant  of  the  soil 

k(  Spring  constant  of  the  tire 

ME  Motion  resistance  In  the  direction  of  motion 

MR  Motion  resistance  in  the  plane  of  the  tire 

R  Radius  of  the  t 1  re 
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K  Initial  radius  of  an  expanded  cavltv 

R'  Radius  of  a  circle  containing  the  deflected  portion  of  the  wheel 

S  Slip  of  the  wheel  In  the  plane  of  the  wheel 

SF  Side  force  Applied  on  the  tire 

S  Slip  of  the  wheel  In  the  direction  of  action 

a  r 


T 

W 

Z 


Torque  applied  on  the  tire 
Tire  load 

Sinltage  of  a  flexible  wheel 
Slnkage  of  a  rigid  wheel 

Generic  angle 

Maximum  deflection  of  the  tire  on  a  hard  surface 
Maximum  deflection  of  the  tire  on  a  yielding  soil 


A 

1 

Deflection  of  the 

tire  at  the  generic 

point 

n 

Angle 

between  the 

direction  of 

mot  ion 

and  the 
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Radial 

stress  inside  a  cavity 

s 

Normal 

stress  at 

the  soil-tire 

interface 

Shear 

stress  at  the  so  11- tire 

Interface 

Shear  stress  perpendicular  to  the  plane  of  the  wheel 
Shear  stress  in  the  plane  of  the  wheel 
Angle  of  internal  friction 
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ABSIRAf 1 

It  is  not  uncommon  in  off-road  mobility  for  vehicles  to  operate  over 
varying  types  nt  terrain.  [n  situations  where  inorqanic  flay  soils  cons¬ 
titute  the  primary  substrate  material,  considerable  differences  in  noil 
stability  and  compliance  characteristics  can  occur  because  of  local 
variations  in  soil  type,  density  and  water  rontent. 

Ihis  stuoy  takes  into  account  the  above  constraints  in  the  methodology 
developed  for  evaluation  and  prediction  of  “tficient  tyre  per f ormanre . 

Ihis  requirement  tor  capability  in  development  of  efficient  tyre  traction 
on  soil  for  mobility  purposes  is  critical  if  off-road  operations  are 
performed  m  remote  regions  where  minimum  fuel  expenditure  is  particularly 
important.  Itie  developed  analytical  procedure  utilizes  the  experience 
gained  from  experimental  tow-bin  tests  which  studied  tyre-soil  interaction 
under  varying  tyre  and  soil  conditions.  _ 

Because  of  the  interdependent  relationships  formed  between  the  forcing 
function  (tyre  loading;  and  the  response  function  (soil  response),  varia¬ 
tions  in  the  properties  and  characteristics  of  one  partner  will  affect 
the  other.  In  view  of  the  interdependencies,  both  tyre  sinkage  and 
contact  patch  will  also  vary  -  dependent  on  tyre  and  soil  properties. 

Ihus,  tyre  performance  which  will  be  characterized  by  the  mechanics  of 
energy  transfer  at  the  interface  must  account  for  contact  patch  and 
normal  and  tangential  load  distributions  over  the  patch.  Soil  compliance 
under  load  must  also  be  included  in  the  accounting  since  this  will  dictate 
bearing  stability,  sinkage  and  tractive  slip. 


1 N  T  ROOUC 1  I ON 

In  the  performance  of  wheeled- vehicles  under  off-road  circumstances  the 
specific  requirement  scrutinized  for  evaluation  of  vehicle  performance 
relates  to  capability  of  the  machine  to  produce  maximum  work.  In  the 
present  concern  for  minimization  of  fuel  expenditure,  the  production  of 
maximum  tractive  effort,  i.e.  work  done,  becomes  most  important.  This 
requirement  is  especially  critical  in  situations  where  vehicles  operate 
in  remote  and  poorly  accessible  regions.  Under  such  circumstances, 
climatic  and  local  environmental  conditions  such  as  operational  terrain 
characteristics  become  significant  considerat ions  in  the  production  of 
useful  work. 

With  a  given  vehicle,  the  ability  to  provide  adequate  mobility  will 
finally  depend  upon  interactions  established  between  the  wheels  and  the 
supporting  terrain  material.  For  this  particular  examination,  tyres  are 
considered  as  the  tractive  elements  producing  the  transfer  of  energy 
between  the  vehicle  and  the  terrain  surface.  If  consideration  of  the 
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propel  utility  ot  input  energy  is  to  bp  made  in  regard  to  efficient  per¬ 
formance  ot  tyres  under  bearing  loads  relative  to  the  nature  of  the 
supporting  teriain,  losses  in  enprqy  arising  from  enerqy-dissipat mg 
characteristics  of  the  tyres  must  be  minimized.  the  efficiency  of  energy 
transfer  from  the  tyre  to  t  fie  ground  will  then  be  maximized. 

The  contact  patch  established  between  the  tyre  and  the  ground  surface  and 
the  manner  in  which  the  sets  of  forces  are  distributed  and  transferred 
across  the  tyre  contact  patch  are  the  controlling  parameters  which  will 
establish  the  efficiency  or  productivity  of  the  tyrp  in  mobi 1 1 t v/t ract l ve 
performance.  In  this  study  the  relevance  between  inorganic  soil  support 
materials  and  the  tyre  is  studied  in  relation  to  the  development  of 
efficient  tractive  effort.  The  analytical  model  developed  accounts  for 
the  compliance  nf  both  the  tyre  and  the  soil  system  snd  the  analysis  for 
prediction  of  drawbar  pull-slip  relationships  utilizes  the  interactions 
between  tyre  and  soil.  Ibe  load  and  unload  sequence  of  the  supporting 
soil  material  in  response  to  input  from  the  moving  tyre  is  an  important 
consideration  in  the  analysis. 

I ABOHATORY  If  SI  PROGRAM 

Because  the  size  of  the  soil  tow  bin  was  limited,  model-sized  tyres  were 
used  in  the  study.  This  was  considered  acceptable  in  the  context  of 
development  of  the  basic  structure  of  the  evaluation  and  prediction  tool. 
It  by  no  means  pretends  to  fully  model  life-sized  tyres  in  interaction 
with  the  ground.  Since  the  compliance  of  the  soil  can  be  adjusted  in  the 
laboratory  study  to  provide  some  form  of  "scale-appreciation"  -  i.e.  the 
soil  was  deliberately  made  much  softer  than  most  real-life  conditions  -  it 
was  hoped  that  the  test  results  obtained  could  provide  the  basis  for  the 
necessary  analytic  formulations  and  teat  validations.  At  a  later  time, 
expansion  to  full  field-scale  testing  would  be  useful. 

three  model  tyres  were  investigated  in  this  study,  namely,  Tyre  5.00-8.00 
2  PR  (buffed),  Tyre  5.00-4.00  4  PR  (buffed)  and  Tyre  4.10/5.50-4.00  2  PR 
'originally-treaded)  as  shown  in  f lqure  l(a-c).  Once  the  lsst  tyre  under¬ 
went  all  required  tests,  it  was  buffed,  thereby  resulting  in  another  model 
tyre  for  test inq  [called  lyre  4.10/5.50-4.00  2  PR  (buffed)  in  Fig.  Id] 
which  was  later  treaded  with  the  directional  tread  pattern  as  shown  in 
tig.  le  [called  lyre  4.10/5.50-4.00  2  PR  (re-treaded)].  In  effect,  a 
total  of  five  model  tyres  were  studied,  each  of  which  was  subjected  to 
similar  teat  requirements.  Hence,  it  was  possible  to  investigate  the 
influences  of  various  tyre  characteristics,  i.e.  carcass  construction, 
dimension,  surface  condition,  etc.  with  respect  to  the  tyre-soil  mobility 
performances. 

I  wo  main  senes  of  experimentation  were  performed  in  this  study  as  follows 

1.  Static  loading  of  the  model  tyres  onto  soils  with  different 
stiffness  to  measure  the  corresponding  tyre  deformations  and 
contact  areas. 

2.  Wheel  tow-bin  tests  in  which  each  model  tyre  was  powered  to 
move  through  different  soils  compacted  in  a  soil  bin,  being 
slightly  wider  than  the  tyre  width,  in  order  to  measure  the 
torques  required  and  the  drawbar  pulls  developed.  Ihe  details 
of  such  a  test  procedure  have  already  been  presented  (e.g. 
long  and  Webb,  196V). 

I 
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'hree  types  of  supporting  ground  were  used  namely, 

1.  rigid  wooden  floor  to  create  "unyielding"  surface, 

2.  kaol  irate  clay  to  resemble  “soft"  ground,  and 

'.  claypv  sand  to  simulate  "stiff"  ground. 

the  kaol  mite  clay  was  prepared  at  '■)'>%  saturation  while  the  clayey  sand 
was  a  mixture  of  fine  silica  sand  passing  sieve  number  50  and  kaol  irate 
proportioned  at  50%  of  the  sand  dry  weight.  ^Ihe  clayey  sand  was  compacted 
in  the  soil  bin  at  a  dry  density  of  l.flfl  t/m  and  a  moisture  content  of 
1 

Soil  specimens  prepared  under  the  same  conditions  as  those  used  in  the 
preparat  lor.  of  soil  for  the  soil  bin  were  tested  under  plane-strain 
conditions  using  the  triaxial  test.  the  resultant  st ress-s t ra in  curves 
of  both  the  clavev  sand  and  the  kaol  irate  clay  are  shown  in  I  lg.  2.  It  is 
obvious  that  ttie  clayey  sand  is  much  stitfer  than  thp  kaolinite  clay,  i.e. 
tin'  t'ompl  lance  of  the  clayey  sand  is  lower  than  that  of  thp  clay. 

I  flAD-W  FORMA!  ION  (BARACK  RIM  IP. 

Bv  loading  each  model  tyre  statically  through  its  nm  at  various  inflation 
pressures,  the  relationships  between  the  static  wheel  load  and  tyre  car¬ 
cass  deformation  on  a  rigid  unyielding  Surface  ran  be  established  as 
illustrated  in  I  ig.  5.  All  ttie  model  tyres  exhibited  a  linear  relation¬ 
ship  between  the  applied  wheel  load  nnd  ttie  tyre  deformat  ion.  Amongst  the 
tyres  tested,  lyre  4 .  10' 5 .  SO- A .  CIO  2  f’R  (originally  trpaded)  (fig.  1c), 
with  fieav  ,  side-wall  stiffening  of  the  treads,  is  the  st  if  test.  However, 
when  thp  tread  is  removed  completely  l bv  buffing)  resulting  in  a  smooth 
surface,  the  tyre  stiffness  is  reduced  significantly  as  demonstrated  in 
1 ig.  Jr.  furthermore,  the  influence  of  retreading  with  the  directional 
tread  pattern  [wide-spaced  tread  bars  without  sidewall  stiffening,  i.e. 
lyre  4.10  ' .  Ml-4 . 00  2  PR  < re-treaded  ; ,  fig.  1 e  J  on  the  tyre  stiffness  is 
negligible,  as  can  be  seen  in  the  comparison  curves  shown  in  I ig.  5d.  A 
comparison  of  the  curves  3hown  in  f  iq.  5c  for  the  buffed  tyre  with  the 
results  in  f  iq.  5d  indicates  no  significant  difference  between  the  load 
deformation  character  1st lcs  of  the  two  types  of  tyres. 

flRf  CON  f  AC  1  ARf  A  CHAHAC  If  R IS UCS 

Itie  rontart  aiea  between  a  tyre  carrying  a  given  wheel  load  and  ttie 
supporting  ground  is  the  key  factor  which  controls  its  mobility  perfor¬ 
mance  through  its  cfiaractenst ic  ability  to  transfer  the  interfacial 
forces  developed.  The  nature  (geometry  and  area)  of  the  contact  patch 
is  a  direct  reflection  on  the  relative  compliance  of  both  the  tyre  and 
the  soil  support  system.  Of  particular  interest  is  the  case  of  a  moving 
tyre  as  it  indicates  the  actual  service  condition.  Because  of  the  actual 
physical  distortions  of  the  contact  patch  and  particularly  because  the 
mirro-compl lance  of  tyre  and  soil  are  not  uniform,  the  distribution  of 
both  normal  and  tangential  streaa  (or  pressures)  developed  and  transmitted 
through  the  contact  patch  area  become  exceedingly  sensitive  to  slip. 

Whilst  the  contact  patch  area  of  a  tyre  under  motion  can  be  measured  by 
taking  photographs  beneath  the  tyre  when  it  travels  over  a  rigid  trans¬ 
parent  plate  at  various  slip  rates,  as  illustrated  schematically  in  f  ig.  4, 
it  is  well  understood  that  ttie  patch  geometry  and  area  will  differ  in 
respect  tu  ttie  compliance  of  the  supporting  medium.  In  addition,  the 
slip-generated  effects  created  by  the  rigid  plate  need  not  be  similar  to 


that  produced  bv  the  actual  compliant  soil  interface  interaction. 
Recogni/inq  the  preceding,  it  ia  nevertheless  essential  that  a  base  value 
be  established  -  for  later  comparisons  with  predicted  patch  influence. 

Thus  in  the  rigid  plate  tests  used  for  measurement  of  the  contact  patch 
established,  the  translational  velocity  of  the  test  model  tyre  was  kept 
constant  at  1 S . 2  cm  sec  while  the  rotational  velocity  was  varied  to 
obtain  approximately  O-BOS  slip  rates. 

the  measured  contact  areas  of  the  five  model  tyres  using  the  procedures 
described  are  shown  in  figs,  b  and  6.  It  is  noticeable  that  the  majority 
of  the  measured  contact  areas  are  not  sensitive  to  the  chanqes  in  the  slip 
rates.  Iwo  interesting  points  are  noted: 

1  At  low  inflation  pressures,  or  in  the  situation  where  the 
load  is  sufficiently  high  with  respect  to  the  inflation 
pressure,  the  contact  patch  area  shows  a  marked  sensitivity 
to  slip.  This  is  evident  in  the  top  curves  shown  in  Figs. 

Sa  and  *>b. 

2  At  higher  inflation  pressures,  the  dependence  of  patch  area 
on  slip  is  considerably  reduced. 

In  general,  it  is  noted  that  the  stationary  contact  areas  are  slightly 
hiqher  than  those  developed  while  the  tyres  are  in  motion.  This  corres¬ 
ponds  to  the  normal  phenomenon  that  the  overall  diameter  of  a  moving 
tyre  is  increased  from  the  stationary  one  due  to  the  centrifugal  force 
effect  on  the  tyre  casing  (Turley,  1970-71).  It  is  expected  that  for 
larger  tyres,  the  changes  in  contact  areas  at  various  slip  rates  should 
be  more  detectable. 

The  influence  of  side-wall  stiffening  of  the  tyre  carcass  in  Tyre  A. 10/ 

5 .  '>0-4.00  2  PR  (originally  treaded;  is  clearly  observable  in  Fig.  be, 
indicating  that  this  is  the  main  mechanism  controlling  patch  area  and 
that  this  is  not  significantly  altered  with  inflation  pressure. 

The  results  shown  in  f  ig.  6  indicate  that  buffing  and  subsequent  retrea¬ 
ding  will  provide  significant  changes  in  the  patch  area  character i rat  ion 
with  inflation  pressure,  furthermore,  the  contact  area  of  the  buffed 
tyre  can  be  less  than  that  of  the  onqinal Iy-treaded  one  as  can  be 
noticed  in  the  case  of  15.6  kg  wheel  load  and  0.41  kg/rm^  inflation  pres¬ 
sure.  In  other  cases,  the  contact  area  of  the  buffed  tyre  is  always 
hiqhe:,  implying  the  effect  of  tyre  wear. 

Wfule  it  is  very  difficult,  if  not  impossible,  to  measure  the  exact  con- 
fat  t  area  of  a  tyre  moving  through  a  soft  ground,  the  test  results 
presented  above  demonstrate  that  chanqes  in  contact  area  during  motion 
should  be  anticipated.  As  noted  previously,  the  degree  of  such  change 
will  depend  on  the  relative  stiffness  of  the  tyre-soil  system,  i.e.  the 
compliance  of  the  tyre  and  supporting  soil,  and  the  s 1  ip- interface 
re  1  at lonships. 

In  order  to  compare  the  tyre-soil  interaction  the  average  computed  values 
of  interfacial  stresses  can  be  used,  i.e.  the  computed  values  of  tangen- 
*ial  stress  and  normal  stress  developed  at  the  interface.  Ihe  tangential 
stresses  developed  by  the  model  tyres  were  calculated  by  dividing  the 
measured  torques  with  the  product  of  the  rolling  radius  and  the  stationary 
tyre-soil  contact  (patch)  area,  whilst  the  normal  stress  was  obtained  by 
dividing  the  applied  load  with  the  stationary  patch  area.  Ihe  tangential 
stresses  obtained  are  related  to  the  corresponding  normal  stresses  as 
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illustrator!  in  f  lq.  7.  for  all  model  tyres,  either  the  peak  values  nr 
the  asymptotic  values  of  the  measured  torques  were  used  in  ralrulat inq 
the  tangential  stresses.  !he  soil -soil  shear  stresses  measured  in  a 
direct  shear  soil  test  are  also  presented  for  direct  comparison. 

I  tie  test  results  indicate  ttiat  the  natures  ‘  the  tanqential  stresses 
between  the  tyre-soil  interfaces  are  governed  by  both  soil  compliance  and 
surface  character  1st ics  of  the  tyre  and  terrain.  Ir  the  situation  where 
the  bearing  soil  is  less  compliant  -  i.e.  the  clayey-sand  os  shown  in 
I  uj.  'a,  t  tie  influence  of  surface  properties  of  both  tyre  and  terrain  can 
tie  seen  in  the  different  curves  produced  for  the  different  tyres.  However, 
for  a  mure  compliant  soil  where  tyre  sinkage  apparently  becomes  more  sign¬ 
ificant,  the  influence  of  surface  properties  of  the  tyre  or  terrain 
becomes  considerably  reduced  -  to  the  point  of  insignificance  at  tugher 
normal  stresses.  As  indicated  in  f  lg.  7b,  the  various  tyres  appear  to 
produce  a  common  average  tangential  (shear'1  stress  for  the  same  normal 
stress  at  higher  normal  stresses  -  in  contrast  to  the  results  shown  in 
I  uj.  'a. 
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T tie  influence  of  soil  compliance  on  the  tyre-soil  interaction  problem  is 
demonstrated  in  terms  of  alteration  of  the  patch  characteristics  and 
significance  of  surface  charact er ist ics  on  development  of  tangential 
stresses  -  as  seen  in  the  preceding  section.  In  constructing  an  analytl- 
(  a  I  model  to  predict  mobility  performance,  it  is  noted  that  this  item 
plavs  an  important  role  m  the  structure  of  the  analysis  -  since  the 
forces  transmitted  from  the  tyre  to  the  ground  must  act  through  the  cont  - 
ait  patch.  This  is  not  unusual  since  the  problem  is  a  boundary  value 
problem.  The  analytical  model  designed  to  incorporate  tbp  effects  of 
t\rr  flexibility  and  soil  compliance  in  regard  to  mobility  performance 
fas  been  previously  developed.  A  drtailed  description  of  the  analytical 
’’i  de  1  and  its  app!  nation  can  tie  found  m  tong  et  al.  f'Ba.b  ,  I'JHOa.b  . 

!M-  *  1 1  *  1 1  e  element  method  MM  solution  technique  solves  t  fie  equilibrium 
'■goat  inns  for  the  supporting  soli  «v  1  ( h  output  information  given  in  terms 
<f  strain  rate  field,  velocity  field,  and  stiess  field.  Input  and  other 
necessary  information  requirements  for  solution  using  tfie  MM  are  load 
hnuiidai,  tondifion,  and  ioad-uninad  stress-strain  relations  for  tin*  soil. 


I  1  or  spei  if  nation  nf  the  load  boundary  corn!  t  ion,  it  is  necessary  to 

establish:  a  footprint  patch  leriqth,  <b  distribution  of  normal 

••tress.  i  d  l  st  i  lbut  ion  nf  tangential  stress  and  d  variation  of 
distribution  profiles  for  normal  and  tangential  stresses.  lor  simplicity 
m  solution,  the  problem  is  treated  as  a  two-dimensional  problem.  I  iqure 
H  show,  t  tie  finite  element  mesh  scheme  used  and  the  contact  patch  length 
•  red  as  a  fundamental  sizing  unit  for  determination  nf  mesh  si/e.  \ute 
that  simulation  of  tyre  motion  is  achieved  hy  considering  successive 
stationary  pui.it  ions  for  the  tyre. 


I  (insider  inq  the  tyre  as  an  elastic  system  and  the  soil  as  a  piecewise 
i  near  elastii  material,  the  length  of  the  contact  patch  footprint  can 
tie  determined  as:  I'oritsky,  1'iMl 
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=  — 2-  I  r  J  (  1  -  ...  J  )  *  r2<  1_V2 )  1  '?) 

”8 

whore  R^  ;  unde formed  radius  of  tyre 

R  ;  *■,  since  soil  terrain  surf  are  is  considered  horizontal 

L 

I’  ;  applied  wheel  load 
2a  ;  leriqtti  of  contact  patch 

I  ,1  i  elastic  moduli  of  tyre  and  90  1 1  respectively 

I  l 

(j,l,  r  compliance  of  tyre  and  soil  z  1/f  j  ,  1/(2 

.  ,  . z  Poisson's  ratio  (or  tyre  and  soil  respectively 

;  !).'>  for  both  tyre  and  soil  as  first  approximation 

Using  ttie  actual  compliance  values  measured  for  tyres  and  soil,  the 
contact  patch  lengths  for  the  tyres  or>  the  soils  used  can  be  calculated 
and  1 ompared  in  terms  of  equivalent  patch  area  with  the  patch  area  values 
attually  measured  from  patch  points  in  the  soil  in  stationary  tyre-soil 
tests.  the  actual  soil  patch  areas  are  compared  to  the  predicted  (com¬ 
pute. 1  values  in  f  ig.  '*  and  10.  for  further  comparisons,  the  test  results 
f 1  urn  the  stationary  tyre  tests  on  the  rigid  transparent  plate  for  the  same 
tv  res  at  the  same  inflation  pressure  ore  also  shown.  Ihe  differences 
between  the  rigid  plate  measured  values,  the  actual  soil  patch  values  and 
t  tie  ..imputed  predicted  values  for  the  patch  areas  taking  into  account 
the  (omp)iarue  ot  t  tie  soil  can  be  noted  in  t  fie  figures.  Iwo  spenfic 
P'-ints  can  he  rioted: 

a  the  patch  area  developed  on  the  rigid  transparent  plate  is, 
in  general,  less  than  that  in  the  soil  since  tyre  sinkaqe 
into  t  tie  soil  occurs.  this  is  particularly  obvious  in  the 
rase  of  ttie  kanliriite  rlav  where  ttie  tyre  sinkage  it;  high. 

In  effect,  t  fie  patch  area  reflects  the  influence  of  tyre 
sinkaqe  into  ttie  soil,  tyre  deflection  in  the  soil,  tyre 
1  arc  ass  stiffness  and  tyre  configuration.  It  should  he 
noted  that  ttie  contact  area  in  soil  as  reported  herein  is 
the  hor  1  /ont  a  1  1  v -pro  jet  t  ed  area,  not  ttie  actual  curved 
surface  area. 

h  tie  t  Disputed  predicted  results  closely  match  the  actual 

patch  footprints  measured  in  ttie  tyre-soil  load  deformation 
studies  -  indicating  that  ttie  analytical  model  used  is  valid. 

■  implications  arising  (  1  cim  ttie  information  given  in  1  igs.  ’>  and  1(1  are 
;  c’e  obvious.  Hec  aose  of  the  soil  compliance,  modification  ot  the  patch 
oea  occurs.  Since  ttie  compliance  of  ttie  soil  will  always  he  hiqhei  than 
"1*  rigid  reference  lest  base,  t  fie  actual  patch  area  will  tee  lessci  .  In 
an  oft  -  road  situation,  ttie  presence  ot  a  valving  support  teriain  system 
is  teruqc,i/ed  -  leading  thereby  to  the  real  i/at  ion  ttiat  the  patch  area 
developed  by  ttie  contact  tyre  will  always  be  a  variable  area,  most  often 
c  ocis  icier  ati  1  v  note  than  that  measured  on  a  hard  unyielding  support. 
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S-*  f ii it  reailv  known.  «m  iterative  procedure  is  needed  to  reconcile 
sir*’  il  i  st  r  1 1  m  1 1  mu  with  (  not  art  area  and  **oil  properties.  lakinq  H 


t 

t  w»*  •-  tdth 
f  if  ula  1  f  .  1  r  :  I 


h  ;  v  * 

i,i  1 1 


at  node  i 


>ee  ^  If).  II 
*  %  [  *•  dr  t  er  r  at  ion  at  node  i 

i  -  •  ’  tamril  .n'ljlr  at  hut)  def  med  hv  cun' art  area  <as  shown  in 

jfi  !c f  •  »x  rnn!  t  w»’  radio*. 

*.  '  *  i  •  •  t .  ♦  • r  d  rmdal  point*,  at  patiti  Irnijth 

t  .  [  r  1r  f  ;  r  n  at  1 1 >rt  ,,t  .  her  I  *  ent  i e 

i»r, fi  ,,t  the  f  t  M  solution  to  lmii)nr  i  an  hrq  m  w  1 1  h  an  initial  Iv 

•  *  i  lr  d  l  '.t  !•  i  ft*  j  t  1  on  at  each  nodal  point  on  a  pinfile,  also 

*•  *  ■  •  ’n.vn  in  I  i:|.  11.  H>  an  itrr.it  r-r  pr  orednr  r ,  the  artual  d\na- 

plot  ;  l »►  shown  in  \  u).  11  -  as  the  prnfilr  surface  H  predicted 

*,M  i  an  *e  obtained.  If  t  » »j  e.ampl#*.  an  improper  d  1  *  t  r  1  hut  i  on 

*'  :  ••*•  ••  •  aimed ,  the  ana !  \  i  •;  v.  ill  produce  a  .o’.utinn  ohnh 

<*•'’  •  *  »"iat  .  ■  i’  f.re  dot  (. :  -i  .it  l-ifi  at  tr.e  respective  rnd.t  I  points  - 
:l  '  in'i'.U  vintrnablr  m  the  contort  nt  ttir  problem. 

t1-  ■  1  ;  **  ,  i  slatiir  H  t  i  om  equ.it  inn  >  .  the  ene[ qv  t  onsun  ed  in 

"if|s  ft*r  f  »  I  *•  i  an  hr  oomput  rd  as  a  raff*  trr»»*  as  tallows: 

I  -  It  .  v 

t  t 

•  v  is  the  translational  velocity  of  the  tv  e. 

.  r»,-,.oil  *sot  >  i  1  1 1  v  pel  formant  r  i  an  best  be  viewed  in  trims  of  an 
;»  htjdqef.  •  .  ** .  enerqv  input  and  output  id  t  fir  system.  Usinq  equation 

•  nr!  i  ( v  l>a.t  in  deform  int)  the  two  i  a'antj  dor  mi)  its  motion  throuqh 

.opp"t  t  ifiq  qrnund  ran  hr  predicted  arid  i  nt  or  poi  at  ed  in  t  hr  evaluation 

•  Mail  -'ohilitv  performance.  1 1  it*  (jousnifnj  equat  ton  is: 


f  ■  :  h’  ♦  r  ♦  I 
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f  (  -  int  erf  ac  i  a  1  energy  obtained  by  determinat  ion  of  shearing 
st  resses  at  interface  and  slip  ratp,  and 

=  tyre  deformation  energy  obtained  as  not  pot  information 
from  the  MM  analysis  (equation  (ft)]. 

A  t  >  pica  I  energy  bn  Inner  is  shown  schematically  in  f  ig.  ,i  in  wtueti  all 
participating  energy  components  are  demonstrated.  Hy  assessing  t  tie  input 
energy  and  all  energy  losses,  the  output  erierqy  can  he  predicted  leading 
to  the  drawbar  pull  produced  by  the  tyre-soil  system,  if  so  required. 

T tie  influence  of  assumptions  made  concerning  the  nature  of  normal  pressure 

distribution  across  the  patch  length  in  the  load-unload  sequence  as  a 

tyre  moves  over  the  ground  can  be  evaluated.  Ibis  is  demonstrated  by 

considering  two  cases  -  a  uniform  and  a  parabolic  press..  distribution. 

I  he  two  cases  are  considered  in  the  analytical  model  -n  the  evaluation  i  ' 

t  tie  amount  of  tyre  deformation  energy  and  tyre  deflection  in  f  ig.  1'. 

1  he  tyre  deformation  energy  of  a  model  tyre  moving  through  soils  of  ditti  - 

rent  stiffness  has  been  predicted  and  compared  to  the  situation  of  the 

same  tyre  moving  on  a  rigid  unyielding  surface.  It  is  expected  that  the 

correct  trend  will  tie  attained  when  the  flexibility  of  f  ti  ,  yre  in  t  tie 

supporting  soil  is  sufficiently  high.  It  is  noticed  that  when  the  modulus 

of  elasticity  of  the  soil  (f  ,  is  less  than  that  of  the  tyre  f 

soi 1  tyre 

i.i.  f  ,  f  1,  t  tie  tyre  is  stiffer  than  the  underlying  soil,  there- 

soi 1  t  v  re 

t ■ »  resulting  in  no  appreciable  flexibility.  Thus  when  f  . /( ,  is  less 

1  soi 1  t  yre 

t  tiao  one,  a  rigid  wheel  model  i.e.  f  :  0  1  can  be  used  in  the  analysis. 

In  other  words,  if  t he  ratio  of  the  soil  compliance  f  ,  to  the  tyre 

soil 

compliance  is  greater  than  unity,  a  i  yqid  model  analysis  could  be  used. 

roNmmiNf;  hi  marks 

1  tom  the  preceding  discussion,  it  is  apparent  that  the  soil  eoinpi  ice 
controls  t  he  tyre  performance,  depend  lr  eg  on  the  degree  of  tyre-  *  1 «  -ibili'y 
on  t  tie  given  soil  and  t  tit*  interface  characteristics.  In  the  general 
evaluation  of  mobility  performance,  the  selection  of  a  suitable  vetuc  le- 
tvie  soil  system  is  primarily  dependent  on  the  drawbai  poll  developed  bv 
the  system.  the  parameters  which  affect  t  fie  output  of  the  vehl  e  1  e- 1  y  re  • 
soil  system  are  r  (imp  i  1  eel  i , .  t  ig.  1A  according  to  the  observed  performances 
of  the  small  model  tyres  tested  herein.  It  is  obvious  that  the  tyre-soil 
inritact  area  play,  a  very  important  role  and  some  parameters  such  as  the 
"itlat  ini'  pleasure  can  influence  others  as  well.  in  essence1,  the  soil 
i  imp  1  lance  cannot  be  excluded  from  tfie  analysis  of  ttie  off-the-road 
i  •fm  u  1  a i  pc1  r  f  oi  mance . 

Owing  to  the  i  f  it  el  -  I  e  1  at  1  onshi  ps  of  these  parameters  and  the  complexify  of 
the  lehji  1  e- 1  y  i  e-sn  i  I  system,  a  simple  mathematical  expression  for  the1 
"Mali  l.efun  lour  cannot  be  est  at)  1  i  shed  at  this  staqe.  Herne,  the  extent 
it  i  hange  in  any  par  amet  cm  cannot  tie  expressed  quantitatively  without  .c 
complete1  analysis.  Nevertheless,  t  fie  relative  importance  of  eac.i  para- 
met  el  can  lie  compares)  to  others  qualitatively  as  very  important  V  ■ ,  less 
impultant  t  and  mule  study  needed  ' S  in  fable  1.  In  addition,  each 
pal  aci'C-t  cm  i  s  i  ecoimneiuled  to  be1  increased  '1/  or  decreased  If  ,  it  such  a 
i  flange  i feasible,  in  nrdei  to  me  tease  the  ill  awtiar  pull. 
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Fig.  2  Stress-strain  relationships  of  clayey  sand  and  clay  (kaolinite) 


J ? 


«u*ik»  pXMun  •  y 

o  «>**y 

41- 


.0  41 

O  71 


*'  s'r'' 


(h)  iyrv  10 O  4  00  4PPffu»i#»f)) 


Ci 7U  04  n«  OlT  tV  \  7  14  1  6  1ft  7  0 


T/rj»  deformation.  t  m 


Fig.  3  w^«ol  load  -  lyre  deformation  re*atlon»hfc>ft 


Fig.  4  Tachntqua  uud  lor  m»«»ur»m*nl  of  moving  Ijrra-rlgW  unymkHng 
aurtaca  contact  araa 


Vv 


-  4  00  4Pfl  {  bu”«4) 


AD-P004  261 


81 


ritt  KOI. I.  IN*.  KKSISTANCK  AND  NINKAbK  OK  TOUT I) 
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KCVAI  MILITARY  (OII.KOK  ok  Si  IK.NCK,  SHRJVKNHAM,  SWINDON,  WILTS .  SN6  ftl-A 


INTRODUCTION 

#  __ 

I!<  a!  i  1  1 1  v  t>  pred  i  c  t  tin*  performance  of  wheeled  vehic  les  across  country 
l s  •*?  jMr.ni'int  importance  in  both  the  design  of  military  vehicles  anil 

assess  i  r.‘:»ir  effectiveness  within  a  specified  theatre  of  operation.  In 

a  previ  'us  paper  bv  the  authors  C 1 )  «»  predi-  Live  formula  was  developed 
w.'i;.1.  effe  {«.!  !  he  pr  ed  i  <  t  i  on  of  the  rolling  resistaree  and  sinkage  t.f 

t  wt- !  wheels  -r.  sand.  I  he  advantage  of  the  form  of  the  equation  was  that, 

where  other  workers  had  employed  the  cone  index  gradient  as  ,-j  measure  of 
:  strength  tor  mobility  studies,  this  predi*  Lion  used  only  the  soil 
:  .Ik  .m:  weight  and  the  angle  of  friction  of  the  sum  1  .  The  predictive 
<  i  :at  .  r;  was  shown  to  correlate  well  with  experiments  on  a  vide  range  of 
*•*»-!  geometries,  loads  and  granular  soils. 

it  ha*-  h«  en  shewn,  Rowland  '  •! )  ,  that  the  typical  pe.o  pressures  beneath  an 
.umpire!,  who  It  :  vehicle  are  generally  .erv  high,  and  vrtainly  much 
:..K:.«r  than  their  tracked  counterpart,  I  r.  general  it  is  assumed  that  high 
pressure  equates  in  poor  performance.  This  is  ertainlv  so  on  tine 
grair.ei  s.  ils,  where  increased  pressure  produces  no  benefit  in  traction, 
rat  in*  ■  -  the  penal  tv  of  extra  sinkage  and  rolling  resistance.  Kor  this 

reiscu  t  :.e  draw-bar  pull  reduces  and  tb.e  mobility  suffers.  However,  on 
<.*ars,  /rained  soils,  increased  pressure  both  increases  traction  and 
r  e*  i  s  t  a;;..  ,  with  *  he  result  that  draw-bar  pull  *  an  actually  increase  with 

i reuse;  .vid1  1»*  weight.  For  vehicle  designers  attempting  to  improve 
■*c'  list-.,  .r  has  .-mnonlv  been  a  tempting,  solution  to  consider  dualling  the 
wheels  •  .i  part  j>  m2  .t  r  axle.  The  effect  of  this  it  ion  has  proved 
i  i  I  t  ;  • t>  .n!er  stand  and  often  disappointing  in  outcome.  Melzer  and 

Fr.ight  thou  paper  on  this  subject  (})  quote  examples  of  field  tests  ,>n 

b.-th  *gr;  uitural  and  military  vehicles  in  which  the  single  wheeled 
vers;,  r.  out ~pe r f c  rme  1  the  dual  wheeled  on  certain  soil  cond  i  t  i ‘Mis  . 

i.sts  pert*  rme.l  bv  K*>uch,  i.iljedahl  and  Clark  Ci,  b )  on  a  cohesive  soil 
shove  l  that,  whilst  dual-wheels  consistently  o*  --performed  single  wheels, 
t  h»-  •  agn  i  t  uii-  c.t  the  improvement  decreased  with  soil  strength.  Melzer  and 
br  ight  (  i)  pei  forme-!  a  comprehensive  series  of  tests  on  driven  dual  wheel 
•  • .mb  i :».»!  i  ;•:;*■  and  presented  their  results  within  the  system  of  mobility 
turneries  .  vci.ped  bv  Kreitag  C6).  They  found  that  the  draw  bar  pull 
mobilised  with  a  dual  wheel  system,  with  zero  separation  between  wheels, 
•incided  with  that  which  would  be  obtained  from  a  single  wheel  of  the 
same  overall  1  i  -.er.si  ons .  I  he  total  draw  bar  pull  from  the  pair  of  wheels 
d e .  reased  with  i m  r eased  separation  and  thev  confirmed  the  findings  of 
releremes  -4  and  b  that  tlie  benefit  of  dual  wheels  was  greatest  on  weak 
s  ils.  i  f  lough  f  1)  has  observed  tfj.it  tfie  reduction  in  rolling 
resistance  with  sept  ration  found  bv  Melz.-r  and  Knight,  .end  confirmed  him¬ 
self  expe  r  iner.t  a  i  1  v,  contradicted  the  prediction  from  mobility  numeric 
anal y s i s . 


Whilst  t  he  work  »'!  (»ee  h lough  examined  wheel  separation  ratios  (n/b 
figure  I)  in  the  range  of  U  to  U.  H,  Me l ze r  exanined  ratios  of  0  and  I  to 
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!  i  .  v,.  si  nr  .»►:»•  ,»J  single  wiu'd 

s 

.-  is  ::»■  si  ilk. i?i'  t>!  dual  wheel  system  curving  tin-  same  load. 

.1 

;  v.s  t  in*  Sr  par  am- 1  i-i  are  simplv  t  tie  percentage  i  mproveneut  '••rived  Iron 
.loub  1  1  ng  up  t  tie  utiee  !  s  . 

Kv  ns  der  l  ng  a  dual  combination  with  zero  sp.n  i  ng  t,i,l>  0>  •  line  ••! 
v  :  (•  .an  tie  obtained  from  equations  (I): 


F.  r  small  separations,  the  soil  will  he  unable  to  perceive  the  wheels  as 
iisirete  and  therefore  the  performance  of  a  pair  'f  wheels,  each  of  width 
b,  separated  bv  an  amount  '.i’,can  he  represented  bv  a  single  wheel  of 
breadth  <2b*a).  Thus 


'  I  larlv  Fs  37T  ♦  21  a/bZ. 

These  expressions  predict  that,  for  small  values  of  a/b,  the  improvement 
derived  from  dualling  will  increase  linearly  with  wheel  separation. 

EXPERIMENTAL  WORK 

A  programme  of  tests  was  carried  out  on  model  scale,  rigid  wheels  in  singl 
and  dual  configurations.  The  wheels  were  towed  at  a  slow,  constant  speed 
on  a  uniform  bed  of  dry  l.alno  sand,  the  details  of  which  are  contained  in 
reference  7.  The  wheels  used  were  0.0A7  m  wide,  with  diameters  of  0.25  m 
and  0.  i  m,  and  0.077  in  wide  with  a  diameter  of  0.  1  m.  For  each  wheel  com¬ 
bination,  both  axle  load  and  wheel  spacing  were  varied,  and  the  rolling 
resist. in- e  and  sinkage  ol  the  combination  recorded.  The  results  of  the 
experimental  tests  are  presented  in  Figures  2  and  i . 
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Figure  1 


8.  Thus  the  findings  amt  anomalies 
nil tld  he  a £ t  r  i  hutah  1  e  to  the  different 
ranges  exami  neil .  •  learlv  there  is  a 

i  omplex  interaction  between  traction  amt 
rolling  resistance  in  the  rase  of  driven 
wheels  as  i  rives  t  i  ga  ted  bv  Melzer  and 
Knight.  The  aim  of  this  work  is  to 
isolate  the  parameters  of  sink age  and 
rolling  resistance  by  studying  the  towed 
case.  Bv  taking  experimental  results 
for  a  range  of  ratios  between  0  and  !>, 
and  comparing  these  with  the  predictions 
from  the  formula  of  reference  1,  this 
paper  seeks  to  quantify  and  explain  the 
reductions  in  sinkage  and  rolling 
resistance  which  accrue  from  dualling 
towed  wheels. 


THKOKY 

Keterence  (1)  gives  the  following  expressions  for  the  rolling  resistance 
am!  sinkage  of  a  towed  rigid  wheel  in  sand: 


K 


z 


'bdvJ  ! 

jf  2W  )2n’\ 


byN  d;  1 

q 


l 


(i) 


where  K  is  rolling  resistance 

W  is  vertical  axle  load  on  wheel 
b  is  wheel  breadth 
d  is  wheel  diameter 
.  is  soil  bulk  unit  weight 
N  is  a  Terzaghi  bearing  capacity  factor 


ihese  expressions  were  shown  to  predict,  within  tolerable  limits  of 
Jvnurucv,  performance  parameters  for  a  wide  range  of  wheels  on  several 
sands  cf  widely  differing  properties.  The  advantages  of  these  equations 
vtr  other  systems  lies  in  their  ease  of  use,  and  in  their  dependence  only 
.  :.  sv  il  bulk  unit  weight  and  angle  of  friction  in  defining  soil  properties. 
An  informative  method  of  describing  the  performance  of  dual  wheel  systems 
is  to  examine  the  benefit  which  accrues  from  replacing  a  single  wheel  with 
a  double  wfieel  unit.  In  this  paper  this  benefit  will  be  characterised  by 
j  "resistance  improvement  factor"  (F^l  and  a  sinkage  improvement  factor 
(l't)  defined  as  follows: 


wtiere  R  is  the  resistance  of  single  wheel 
s 

and  R,  is  the  resistance  of  dual  wheel  system  carrying  the  same  load 
d 
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Figure! 


DISCUSSION 

One  advantage  of  assessing  dual  wheel  performance  bv  comparison  with  a 
single  wheel  carrying  the  same  load  is  that  the  major  source  of  error, 
which  comes  from  soil  property  measurement,  is  eliminated.  The  only  signi¬ 
ficant  sources  of  error  in  this  work  were  in  the  measurement  of  rolling 
resistance  and  sinkage.  It  is  estimated  that  the  determination  of  both 
sinkage  and  rolling  resistance  could  be  subject  to  errors  of  up  to  '  10*. 


Since  both  single  and  dual  wtieel  measurements  are  subject  to  errors,  their 


lit  will  be  subject  tn  errors  of  up  to  ’  202.  The  experimental 
r  ■  '  .;s  initi  ate  the  following  characteristics  of  behaviour: 

;  )  Keplui  i  ng  a  single  wheel  with  a  dual  wheel  combination  will  reduce 

■  ■  t  h.  sinkage  .out  roll  inn  resistance. 

. '  The  improvement  derived  from  dualling  wheels  increases  with  wheel 
-pa.  me,  .util  the  wheels  act  as  separate  entities. 

•i  As  i  i  vile  !  thumb,  the  percentage  improvement  derived  varies  from 

.’ w  to  »  .  *  tor  resistance  and  about  502  for  sinkage. 

T‘.<-  htted  lines  added  to  the  figures  represent  the  theoretical  pre- 
:  tions.  I n  t ue  case  of  rolling  resistance,  the  predicted  benefit  is 
>  i  ns  i  iler.ib  1  v  nere  than  that  actually  observed,  although  the  variation  with 
separation  is  lomparable.  In  the  case  of  sinkage,  both  the  levels  of 
friii'!  it  oil'  ami  their  dependence  on  a/h  show  some  correlation. 

1 ’.  i  ••  i  >  stir.,:  to  observe  that  the  presentation  of  Figures  2  and  3 

uppar  •  :.t  1  :e:-!i".es  the  distinction  between  different  families  of  tests. 

■  iffi  te:.  .  s  in  axle  load,  wheel  breadth  and  wheel  diameter  do  not  manifest 

. -st  !ata  grouping  when  the  results  are  analysed  in  this  way. 

:  •.  n  :  sinkage  and  the  rolling  resistance  improvement  factors 

>;  p«  a:  :  :■<  independent  of  mobility  numeric.  This  is  consistent  with  the 

:  n.'s  :  previous  workers  who  observed  that  the  magnitude  of  the  benefit 

i  • :  :i-.i  :.i  she-’  with  increased  numeric  value  since,  for  towed  wheels, 

t  .  s;  ig,  a-..:  resistance  also  diminish  with  increased  numeric  value. 

r  i :. a '.'.v ,  i!  is  wort!,  making  an  observation  on  the  case  of  driven  dual 

-  .t  el  s',  stems.  In  both  sands  and  clays  reductions  will  be  observed  in 
>:.kag<  .iii'.  tolling  resistance  through  dualling  wheels.  The  increased 

.".t  ut  ana  will  improve  traction  significantly  in  cohesive  soils  but  not 
.  :  ri  .  ti.n.il  soils.  It  is  probable  therefore  that  there  will  be  more  to 

•  gained  !  r'—  mailing  wheels  for  applications  on  clays  than  there  will 
:  *•  .  r.  sur.d.  Hie  re  is  clearly  a  need  for  more  information  on  the  per- 

:  orr.ar.'  e  .!  driven  dual  wheel  combinations  on  i  lav  soils. 

CUNCT.l'S  IONS 

I i  A  programme  of  tests  on  towed,  rigid  wheels  on  sand  has  shown  that 
replacing  a  single  wheel  with  a  dual  wheel  unit  will  reduce  both  sinkage 
and  rolling  resistance. 

- >  I  he  improvement  derived  from  dualling  wheels  increases  with  spacing, 
until  the  wheels  ait  as  separate  entities. 

‘■I  As  a  rule  of  thumb,  a  j02  reduction  in  sinkage  and  between  10  and 

-  >"  r  e.i'j  tioii  in  r  •  lling  resistance  derives  from  dualling  wheels. 

a;  bv  modelling  the  dual  wheel  unit  with  a  single  wheel  of  the  same 
external  dimensions,  some  trends  of  behaviour  can  fie  predicted. 
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l  tRlVW-jJXl,  1  RtDIC'i  IUN  uF  INbUMATIC  TYRbS  UN  SAND 


TLd  PAUL 

V.R.U.t.  AHKbENAeavR,  INDIA 


ABSTRACT 


In  this  paper  the  applicability  of  laboratory  test 
results  on  the  scaled  models  of  pneumatic  tyres  in  the  dry 
sand  test  bins  to  predict  mobility  of  vehicles  in  actual 
desert  conditions  in  Western  Rajasthan  has  been  studied  by 
a  field  test  programme.  The  tests  conducted  at  two  test 
sites  150  km  apart  show  that  the  mobility  equations  derived 
by  laboratory  tests  could  to  a  fair  degree  of  accuracy 
predict  the  traf f icability  over  sand  in  actual  field  con¬ 
ditions  of  varying  soil  strength. 


For  the  purpose  of  vehicular  mobility,  soils  are 
broadly  classified  as  fine  grained  soils  like  clay  and 
frictional  soils  like  sand.  The  mode  of  generation  of 
thrust  as  well  as  motion  resistance  is  different  in  both 
these  types  of  soils.  Thrust  is  provided  in  case  of  the 
fine  grained  soils  basically  by  cohesion  between  soil 
particles  and  weight  of  the  vehicle  contributes  little  to 
it.  on  the  contrary  in  the  case  of  frictional  soils  the 
thrust  generated  is  a  function  of  vehicle  weight. 

Off  the  road  vehicular  nobility  is  of  paramount 
irrqportance  to  military  operations,  mechanised  farming, 
successful  forest  and  other  engineering  operations  of 
public  utility,  tfforts  hove  been  made  by  various  resear¬ 
chers  to  co-relate  the  vehicle  and  soil  parameters  to 
predict  the  traf ficobility  of  vehicle  in  off  the  road 
condition,  to  determine  the  availability  of  draw  bar  pull 
under  such  condition  and  to  draw  purposeful  conclusions 
in  desiyn  of  the  running  gears  of  an  off  the  road  vehicle, 
host  of  the  research  has  been  confined  to  the  areas  Cf 
fine  grained  soils  due  to  strategic  and  economic  irrportance 
of  such  areas  in  the  past,  like  North  West  burope,  South 
bast  Asia,  Korea.  Not  much  attention  was  paid  to  frictional 
soils  and  the  areas  where  such  soils  exist  have  recently 
attained  great  military  and  economic  imiortance  e.g.  West 
Asia,  Western  Rajasthan. 


K8 


With  a  view  to  obtain  more  useful  correlation 
between  vehicle  parameters  and  soil  parameters  in  tin 
frictional  soils  the  j resent  study  of  |  erformance 
prediction  of  l  neumatic  Tyres  on  3unri  was  taken  up. 


SOIL  -  VbHICLb  INTLRACTICN  AjPPuACHtS 

Primary  object  of  a  soil  -  vehicle  interaction 
approach  is  to  di  ttrnune  the  rol  line,  resistance,  bearing 
cajacity  and  traction  in  term3  ct  the  vehicle  ..p  .  .oil 
paranieters.  From  these  relate  nships,  trafficu  1  >  .ty 
of  a  vehicle  i.e.  whether  it  would  be  able  to  e,  -•  j  a 
particular  terrain  or  not  could  be  predicted.  A  nunia  ; 
of  relationships  correlating  these,  some  thcor,  tical  ano 
some  errpirical  has  been  drawn  up,  over  the  yuara  .ix 
these  relationships  predict  results  to  a  fair  dt\iu 
accuracy  (Appox  +  2094)  in  the  case  of  fine  ruined 

soils.  Similar  relationships  tor  frictional  soils  i  .  ,od 
at  the  US  Army  tnyineers  Waterways  fcxperi mental  3t«ti  r  *»*• 
are 


Dimensionless  Nobility  Numeric 

For  wheeled  vehicle  for  operation  on  freely 
drained  dry  sand  (Ns) 


NS 


-  q*.  u?j4.).3/2  x 

w 


(i) 


Where  G 


b 

d 

w 


■  Soil  penetration  resistance- 
gradient  MN/m* 

=  Tyre  width  m 

»  Outer  diameter  of  a  pneumatic 
tyre  m 

■  Weight  of  wheel  NN 


8 


=  Ratio  of  tyre  deflection  to  section 
height,  dependent  upon  tyre  stiff¬ 
ness,  inflation  pressure  and  yround 
condition. 


host  conmunly  used  value  -  15  to  17% 


•% 


H<1 


30 IL  PNfc TRrtTlui;  Rx.SISTAbCb  UHnDm/I  {■ ,  j 

This  is  an  important  soil  paraineter  of  frictional 
soils  and  is  the  average  slope  of  the  curve,  cone 
penetration  resistance  Vs  depth  o£  penetration  in  sand. 

K j  thematically 

o  ^  £Tz  -  Clp  MN/m3  ( 4 ) 

*72 

CTz  =  Average  Cone  Index,  o-Z  depth  -m 

CIo  =  Cone  index  at  surface 

Z  =  Depth  of  penetration  of  the  cone  base 

2 

When  a  jo  degree  right  circular  cone  of  3.23  an  base  area 
-s  ierced  through  the  soil  normal  to  the  soil  surface  at 
a  rate  of  3  crr/s,  soil  penetration  resistance  is  recorded 
a s  Cane  index  i force/unit  area) 


FIi.LD  TEST  RRuGRAKKfc 

Tiie  mobility  numeric  described  above  has  been 
derived  fror  laboratory  te-3ts  on  scaled  model  of  Wheels 
under  controlled  conditions  of  environments  and  on  soil 
test  beds  of  uniform  soil  parameters.  It  is,  therefore, 
necessary  to  ascertain  the  applicability  of  these  relation¬ 
al-.  „{.o  to  actual  yround  conditions  and  on  full  size  tyres. 
Th<.  Held  test  j  royranme-  Was  taken  ur<  up  as  : 

U ;  Traffic-ability  test  on  a  car  size  pneumatic  tyre 
at  Test  Site  I  near  the  city  of  BARMbR  in  South 
*oSt  Rajasthan. 


1.  • 
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(L  )  Traf fi  cabil  ity  test  on  a  heavy  truck  size 

{.  neumatic  tyre  at  Test  Site  XI  near  the  city 
of  OAlStLKtR  in  Western  Rajasthan.  (Separated 
from  Test  Site  1  by  over  150  Kins  distance). 

The  two  test  sites  separated  over  150  Km  apart  and 
the  two  tyre  sizes  of  wide  range  were  selected  for  the 
tests  to  assess  the  universal  applicability  of  the  soil 
wheel  interaction  relationships  at  equations  (1)  to  (31 
in  the  desert  conditions. 


TRAFFICABILITY  TfcSTS  AT  SITfc  1 


An  all  wheel  drive  light  vehicle  with  9.00  x  13  tyres 
was  selected  as  test  vehicle  as  the  load  distribution  on  its 
four  wheels  was  found  to  be  fairly  equal.  Weight  on  each 
tyre  was  determined  as  5.4  kN .  The  soil  parameter  'O'  was 
computed  from  the  field  measurement  of  Cone  Index  Values 
taken  with  Kenetrometer  Soil  Hand  Operated,  commonly  in  use 
in  UK.  The  field  tests  were  carried  out  on  31  May  lJbl  and 
tlJUne  I9fcl  on  sandy  areas  both  on  plain  sandy  patches  and 
on  sandy  dunes.  Sufficient  soil  parameter  measurements  to 
forecast  the  soil  strength4  were  taken  and  are  ylven  at 
Table  1.  Drawbar  pull  was  calculated  using  equations  i  i  i 
and  (3)  and  from  this  the  traf f icabt 1 ity  of  the  vehicle 
was  predicted.  The  test  vehicle  was  then  moved  over  this 
site  to  ascertain  its  traff icability .  The  results  are 
shown  at  the  Table  1. 

It  can  be  seen  from  the  values  at  the  table-  that 
the  model  equations  con  be  applied  to  field  conditions  and 
predict  results  to  a  reasonable  accuracy. 


TRtvFF ICABILITY  TfcSTS  SITb  II 

Soil  parameter  measurements  on  a  sandy  area  termed 
as  Test  Site  II  about  150  Km  north  of  the  first  test  site 
were  taken  on  23  and  24  June  1981. 

The  soil  value  measurements  and  computation  of  soil 
parameter  are  given  at  Table  2. 

A  six  wheel  drive  heavy  vehicle  with  each  wheel 
sharing  a  weight  of  21. b  kN,  with  tyres  of  12.00  x  2u 
inflated  to  the  required  pressure  was  now  taken  up  as 
test  vehicle.  Its  performance  on  the  test  site  was 
predicted  using  the  mobility  equations  (1)  and  (3). 
Mobility  test  on  the  vehicle  was  carried  out  to  confirm 
the  i  redicted  performance.  The  results  of  the  test  are 
Shown  at  Table  3. 
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The  predicted  pneumatic  tyre  performance  in  the 
i.ctual  v round  conditions  appears  to  differ  slightly  than 
these  oltaimd  under  laboratory  conditions,  The  drawbar 
pull  predicted  by  the  equation  13),  is  less  compared  to 
what  actually  achieved  on  the  ground.  However,  it  is 
tore  that  one  would  come  across  a  purily  cohesive  soil  or 
a  purely  frictional  su.l  under  actual  ground  conditions. 
A,r.o  Keeping  in  rind  that  the  soil  parameters  vary  from 
p  1  ja  t.,  i  lace  ,ino  from  time  to  time  l.e.  weather  dependent, 
aid  the  comp  lexity  of  the  process  by  which  the  soil 
jt.no:  ter,  thrust  by  interaction  with  wheels,  which  is 
dependent  or.  vehicle  speed,  spacing  of  tyres  etc..  It  can 
h  concluded  that,  the  laboratory  test  results  on  models 
..e.  equations  111  to  1  •! )  can  be  applied  to  actual  ground 
cnditions  .and  for  interaction  with  full  scale  wheels  on 
irict .ottals  soils  witn  a  reasonable  accuracy. 
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i'ILlIS  ilf  SLIP  ON  LNtRGY  DISTRIBUTION  MTWILN  T Y RE  AND  SOIL 

. j.M.RuNAI 

NS  1 1  I  >  I  Flip  *1  CHAM  /AT  I  ON ,  NOVI  SAD.  YUGOSLAVIA 


1  nt  roduc  1 1 on 

Any  i.iJ  k  ula  turn  of  the  drawbar  pull  of  a  agricultural  tractor  moving  over 
agricultural  lend  requires  a  detailed  study  of  power  losses  thereby  oc¬ 
cur  wig.  wnuh  may,  m  principle,  be  defined  as  fellows: 

—  losses  depending  on  pneumatic  tyres  and 

—  ' .  sses  i'  I'onection  with  the  soil,  including  interface  pheno¬ 
menons  oc  curi  no  between  tyres  and  soil^  i.e. 

’V  AP,  'J_  ....(1) 

wnerei'i  P  means  the  to ta  i  power  loss,  -,P  power  loss  caused  by  compaction 
?  :  he  semi,  the  bulldozing  and  dragging  effects,  ,Pt  power  losses  caused 
mainly  hysteresis  of  pneumatic  tyre  c  the  hard  surfaces. 

L gua t ; or  nukes  it  possible  to  conclude,  that  locomotion  in  a  field 
has  to  m,.  ode ,  besides  of  the  power  losses  caused  by  deformation  of  the 
s  i  .  ’otal  power  losses  as  occurinq  on  hard  surfaces,  similar  to  when 
c.mq  u «c r  concrete  cement  runway,  at  an  unchanged  regime  of  movement, 
’ms  equation  would  simply  mean  that  movement  over  a  field  has  to  overco¬ 
me  power  losses  as  occurinq  when  tyres  move  over  a  solid  surfaces  at  an 
.".mi  ;eO  re  hi  me  of  movement.  This  assumption,  however,  is  only  approx- 
■ki'i.e  y  ’l  jht.for  it  is  known  that  the  deformation  of  the  tyres  moving 
««•••  So  ‘  l  ■:  ground  is  not  the  same  as  in  soft  soil  /I/,  under  the  same  re- 
. i"»-  f  movement  which  circumstance  influences  the  total  power  loss  va- 
I  jt  at  the  soft  Sell  surfaces. 

A  sc,  the  pnenome'ior  of  slip,  which  ossurs  when  there  is  a  drawbar  pull, 
a'd  complex  sharac  ter  i  st  i  cs  of  the  soil,  including  the  soil  thrust  :ha- 
r.ic  ten  s  t  its ,  make  this  assum,  e.g.  the  value  of  above  formula  doubtful. 

It  is  only  ,'>ssible  to  notice,  because  of  certain  absolute  amount  of  po¬ 
wer  loss  which  is  unquestionable  generated,  that  slip  and  other  pheno¬ 
menons  which  exsisted  under  such  conditions,  effect  power  loss  distribu¬ 
tin'  between  tyre  arid  soil. 

igudticn  1  wil  be  taken  as  a  base  for  discussion  and  the  power  losses 
inner  a  te  j  by  tyres  moving  over  a  concrete  cement  surface,  on  one  side, 
a'd  i ')  the  S'  il  bin,  on  the  other,  wi  M  be  analysed  separately  as  a  first 
and  relatively  as  a  second  for  varied  values  of  slip  and  tyres  dynamic 
•  .ad. 

’est  seditions 

’  ■  r  the  purpose  >1  this  analysis  tests  w’th  four  different  tyres,  i.e. 

'  LLP,  ’-:.4k-  bpp,  ip. 4-4/  10PR  and  1<..4R-4?  10  PR  are  performed, 

'est.s  were  made  on  two  types  of  ground  surfaces: 

-  concrete  cement  surface  and 
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f  i-i-rni  these  data  it  results  that  the  soil  in  the  soil  bin  was  relatively 
dry  and  the  preliminary  compai  tion  quite  effective. 

’ he  testing  itself  was  performed  so  that  for  a  constant  slip  and  tyre  in¬ 
flation  pressure  the  dynamic  load  was  continually  increased  within  the 
limits  sta  ted  above  . 

Kesul ts 

The  total  losss  of  power  occuring  when  pneumatic  wheels  run  over  the  con¬ 
crete  cement  runway  as  well  as  over  the  selected  soil  surface  were  calcu¬ 
lated  from  the  difference  of  the  input  power  exerted  on  the  tyre  (Pji*Pci) 
respectively,  and  the  output  efficient  power  (Pso>Pco).  as  it-  was  shown 
in  f  i  gure  1  . 

from  diagrams  shown  in  figure  1.  can  be  seen  that  power  losses  for  both 
tested  surfaces  (  aP s  and  aP^  )  increase  with  increased  dynamic  load  at  con¬ 
stant  slip  value  and  inflation  pressure  in  the  tyre. 

figure  2.  shows  calculated  values  of  total  power  losses  for  the  movement 
of  tyres  on  concrete  cement  and  selected  type  of  the  soil  with  particular 
selected  slip  values,  constant  inflation  pressure  and  varying  dynamic 
load.  It  is  characteri stic  that  the  lines  showing  power  losses  could  be 
very  efficiently  analytically  approximated  by  straight  line  equation  of 
the  type  of: 


aPc,s-  a  .bDL  .  (2) 

whereby  the  lowest  coefficient  of  regresion  (r)  amounted  to  0.929. 

Similarly  it  can  be  found  that  losses  of  power  increase  with  increased 
slip,  as  formerly  found,  and  dynamic  load.  Besides,  from  figure  2.  it  is 
possible  to  conclude  that  a  progresive  trend  of  power  losses  on  concrete 
cement  surface  increase  at  a  higher  rate  relative  to  increase  of  power 
losses  on  soft  soil  surface  with  increased  slip  and  constant  dynamic  load 
values,  bo,  for  instance,  with  a  load  of  20  kN  and  110  kPa  inflation  pres¬ 
sure. an  increase  of  slip  from  0  to  16%  the  absolute  level  of  of  losses 
or  concrete  cement  surface  increased  approximately  5.46  fold,  whlist  when 
moving  in  the  soil  bin  the  loss  of  power  increased  2.15  fold  only. 

Ihis  circumstance  indicates  the  extraordi nary  influence  of  slip  on  power 
losses  and  leads  to  the  conclusion  that  the  study  of  losses  on  a  solid 
ground  as  against  the  losses  on  soft  ground  could  resulted  in  certain 
useful  experiance. 

from  the  diagrym  in  figure  3.  and  from  other  da ta  established  until  now, 
it  becomes  clearly  evident  that  power  losses  owing  to  slip  increase  in  ca¬ 
se  of  movement  over  hard  surface  at  a  higher  rate  than  in  case  of  movement 
in  soft  soil  conditions.  For  example,  the  slope  of  power  loss  lines  for 
concret  cement  runway  increase  approx  ima  te  ly  3.4  fold  at  the  increasin 
slip  from  o  to  16;,  wnils,  under  the  same  regime  of  movement,  the  rise  of 
slope  of  power  loss  lines  for  the  sanuy  loam  soil  surface  in  the  bin  is 
approxtma  te  ly  2.4  fold,  as  it  evident  from  fig. 3. 

Tfiat  means  that  at  a  certain  amount  of  slip  power  losses  on  hard  surface 
could  exceed  the  loss  occuring  in  case  of  soft  soil  surface,  at  otherwise 
equal  conditions.lt  could  be  possible  to  see  some  di ssaqreement  of  this 
statement  and  statement  which  was  given  as  an  explanation  of  equation  (1), 
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figure  4.  Shematic  pisture  of  idealised  and  real  tyre  deformations 

Shematic  picture  of  idealized  statement  in  accordance  with  equation  (I) 
is  given  ui  pictures  4a  and  4b.  Picture  4a  shown  the  reason  of  power  loss 
when  moving  over  hard  surface.  In  this  case  the  tyre  is  subject  to  defor¬ 
mations  by  alternate  pressure  in  front  of  (zone  I  and  in  the  zone  of  di¬ 
rect  contact  with  the  ground  (zone  2)  and  stretching  behind  of  the  zone 
of  direct  contact  (zone  3).  According  to  da  ta  contained  in  literature  3/, 
and  also  to  equation  (1),  the  pneumatic  wheel  moving  in  the  field  fust 
meets  resistance  of  the  soil  and  some  energy  is  consum'd  in  compacting 
the  soil  and  when  it  has  come  to  a  quasi-  eqiulibrium  between  active  for¬ 
tes  and  the  resistance  of  the  soil,  the  tyre  now  gets  deformed  on  the  same 


w.iy  as  When  an  v  I  m;  on  Solid  ground  '  pi<  tore  ■'Sb ) .  1  he  t  o  ta  I  energy  i  onsu- 
*;d  in  the  c.  <1  Se  of  the  pn  t  jre  ‘id  would  he  higher  f  or  the  amount  of  ener- 
;y  spen‘  tor  soil  iiefornw  t  ion  in  the  case  4b. 


•  oa  ;  .  *  -■**<•¥•••• ,  the  pneumati,  tyres  tiehdve  otherwise  .  Inst  of  a  !  '  the 

,  •  •  ,•>  e  .le  t  or:n.t  1 1  ons  ir,  i  ase  of  no  vement  under  the  sof »  soil 
's  die  sumewha  L  minor  1  heoduse  there  is  no  enough  t  ime  for-  i.  on 
;  ,  i  •  "...  I  >  :.i  1 1  or  of  the  soil  tur  such  dynamic  proc  ess  as  movintt  yre  is 

f  o.epi  time  \r  quasi  eguililoium  state  between  a<  t.ive  and  r  eai  tive 
'  ■  i"j  i  >  r  tie  set!,.  Besides,  the  deformation  of  tyre  ribs  is  t  r.  i  s  t  sa¬ 

ns  at  a  imt.imum,  for  the  tyre  ribs  are  generally  nun  n  stiffen  fn,m  the 
■il  in  the  field,  as  shown  in  pit  tore  4<  . 

•le'  i  .irrespective  of  this  (irt.umstatx.es  the  total  loss  of  power  should  be 
higher  in  so  *  t  sot'  and,  ai  tuaily  it  is  so  until  the  slip  leaches  a  ter¬ 
rain  level  i. ritii.ai  slip  value  s(r).  As  is  shown  by  figure  i.  the  diffe¬ 
rs  use  between  amount  of  energy  consumed  by  the  deformation  of  the  tyre 
or,  bard  surface  and  the  total  power  sonsuption  by  deformation  of  the  tyne 
and  the  Soli  on  soft  surface  diminishes  gradually,  which  trend  is  in  fa- 
:jf  the  fast  that  with  increased  slip  'le  forma  tions  of  pneumatic  wheel 
.  r  «...  ncret  >  ement  runway  are  more  evident,  which  leads  to  a  permanent 
increase  of  power  losses,  whilst  with  the  same  conditions  of  movement, 
but  this  time  in  sandy  loam  soil  bin,  this  increase  of  total  power  losses 
is  essentia  1  ly  less  . 

hsei veJ  behavior  of  power  losses  mates  the  difference  between  hard-soft 
.asses  less  ana  less  with  increased  slip  so,  in  one  moment  lines  for  po¬ 
wer  :0<,s  or.  concrete  cement  surface  and  natural  soil  surface  should  have 
Point  o*  intersection,  as  it  was  shown  in  p i s t  -e  3.  Slip  ievnl  relative 
to  point  o‘  eg  ia  1  ’ojv.es  could  be  called  "critical  slip  value"  for  given 
c  .. r d j  tions  . 


f  i  dure  S .  Volumetric  relation  between  compressed  and  sheared  particles  of 
the  sui  1  on  4(>.m  of  track  lencjht  with  various  tyre  and  slip 
va  I  ues 
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.  i  nee  there  i'  ,i  iii'  f  ornui  t  i  on  "1  the  Mill  mintin')  in  i.'vci  y  case  the  e.«- 
pl  d na  1 1  or  for  diminishing  loss  nt  power  m  M.il  siji-fai  e  has  u>  bo  aicep- 
te  ’  as  d  .  onseqoem  c  o'  il  i  t.  i  ri  ■  crn  nq  .lot  o*  ma  t  i  on  .1  tyres.  'no  reasons  tor 
1 1  "•  i  r .  i  se '  nq  ,i‘  tyro  de ♦■irnid  t  I .  "S  i  ou 1  •.!  bo  i  nnno.  to  I 

-  .101  ’eaS'nq  .if  dynauill  I  Oil  if  Or. 

-  .lot  reasi  n.)  o‘  soil  'osistdnio 

i ’H »'  the  dynarn  |t.,ul  of  pnrim.it  n  ilot  og  t  ho  tost,  is  ’.instant  for  .,or- 
td  1  >•  para  lei!  ibsorvdtioi  i  hard-sot  t  ',.,i  M.  rs  aid  ’ho  level  of  slipping 
’"Ses,  therefore  the  general  level  of  power  ’osses  does  no*  1i  iri  r.i  s>- . 

’here  i..?r  mi t  be  the  question  that  possi*  le  explanation  ould  lie  found  by 

i  omplote  analysis  of  tyre-so'1  sist.em.  The  so*o  possiblo  oxplanation  is 
trie  i'li  jreni  e  of  ar  intensive  rod  i  st  r  1  t'u’  l  on  of  power  losses  between  one- 
unat'-  whoo  and  the  soil.  I*  s.,ih  aso  ut  the  phenomenon  of  iot.uri.inq 

of  certain  amount  of  onerqy  to  the  system,  i.e.  of  that  part  of  energy 

that  has  been  accumulated  by  the  deformed  tyres. 

This  would  mean  that  with  the  movement  of  tyres  over  the  soft  surface  un¬ 
der  the  growing  'lip  condition,  the  intensity  of  deformation  of  pneumatic 
tyres  gradually  decreases  in  /one  1  and  3  (figure  4),  whilst  the  inten¬ 
sity  of  the  soil  deformation  g-adually  increases. 

The  moment  when  a  ceratin  slip  level  is  reached,  which  is  mainly  function 
of  the  dynamic  load  and  mechanical  charac teri st ics  of  the  sot.  and  of  the 
observed  pneumatic  tyre  and  it  comes  to  the  maximum  possible  reduction 
of  deformation  of  the  tyre  on  the  circumference  and  to  maximum  deforma¬ 
tion  of  the  soil.  The  hypothesis  prevails  that  in  that  moment  the  level 
of  active  forces  is  equal  to  the  value  of  the  supporting  capacity  of  the 
soil  soil  thrust  value),  or,  that  it  comes  to  the  destruction  of  soil 
structure  under  the  contact  /one  between  the  tyre  and  the  soil. 

A  possible  explanation  may  be  obtained  by  the  application  of  Coulomb’s 
criterion  o(  soil  failure,  or 

H  A c  ♦  DL  tg  a  .  .  . .  (  3) 

wherein  ><  is  si  I  thrust  value,  A  loaded  contact  area,  c  soil  cohesion, 

'J.  dynamic  load  and  *  angle  of  internal  friction  of  the  soil. 

I  r,  ase  of  movement  under  the  zero  slip  onditions  upper  layer  of  the  soil 
is  destroyed  and  the  tyre  penetrates  to  a  certain  depth  /  as  could  be  de¬ 
terminated  by  equation 


P  -  ►  An  .-..(4) 

wherein  k  and  n  are  parameters  (mechanico  '  )  of  the  soil  and  p  the  active 
pressure  on  the  sol  1  . 

In  such  event  the  horizontal  load  on  the  soil  is  at  the  minimum,  as  there 
is  no  pull  and,  exept  compacting,  there  is  no  deformations  of  the  soil. 
With  increasing  slip,  and  the  appenance  and  increase  of  pull  it  comes  to 
a  horizontal  loading  of  the  soil.  Knowing  the  charac  teri  st  ics  of  the  dis¬ 
tribution  of  the  pressure  in  the  soil,  i.e.  their  variability  (directly 
under  the  tyres  rib  the  intensity  of  pressure  is  much  higher)  it  results 
that  the  microdistribution  of  horizontal  stresses  in  the  soil  varied  from 
point  to  point  and  that  is  presumed  that  local  overload  occurs.  It  fol¬ 
lows  that  iri  the  overloaded  zones  of  the  contact  local  destruction  of  the 
soil  occurs  and,  in  connection  with  a  reduction  of  the  total  cohesion  in 
the  soil  that  increases  its  deformation,  in  the  sane  time  forming  a  spate 

i «  * 

* 
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for  restoring  pneumatic  wheel  of  deformation. 

With  aditiona!  increase  of  slip  and  the  force  of  pul!  a  further  increase 
in  horizontal  stresses  of  the  soil  occurs  until  the  total  destruction  of 
‘.ohesive  ties  between  soil  particles.  The  certain  volume  of  the  soil  sli¬ 
des  in  that  moment  in  known  epicycloid  surfaces  and  a  further  increase 
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Figure  6.  Relation  between  power  loss  as  a  function  of  slip  with  variable 
values  of  dynamic  load  for  the  movement  of  the  tyre  on  concrete 
cement  runway  and  in  the  sandy  loam  soil  bin. 

of  the  drawbar  pull  is  generated  by  the  characteristics  of  internal  fric¬ 
tion  of  the  soil.  In  that  moment  an  essential  reduction  of  deformations 
in  the  tyre  occurs  in  the  zones  in  front  of  and  behind  of  the  soil-tyre 
contact  area  {zones  1  and  3,  picture  4d)  and  the  reduction  of  level  of 
energy  losses  on  the  tyre  itself,  on  the  account  of  the  energy  increase 
spent  for  deformation  of  the  soil.  Some  amount  of  energy  which  was 
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accumulated  on  deformed  tyre  would  be  taken  beck  to  the  system  at  that 
moment ,  mak  t  ng  process  of  excesive  soil  deformation  more  sucessful  .  There¬ 
by  it  comes  to  a  rapid  increase  of  the  squeezed  volume  of  soil  particle 
in  the  zone  of  the  track  (zone  1>,  picture  4d). 

A  look  at  the  picture  S.  indicates  a  quick  rise  of  the  sheared  (squeezed) 
volume  ot  the  soil  in  the  zone  between  10  and  ?0*  of  slip,  i.e.  around 
'  ritual  slip  values  for  all  of  investigated  tyres.  This  statement  could 
be  used  as  a  prove  for  given  hypothesis. 


figure  7.  Lines  of  critical  slip  as  a  function  of  dynamic  load  for  all 
of  tested  tyres 

Curves  of  power  loss  as  a  function  of  slip  with  constant  dynamic  load  and 
inflation  pressure,  with  high  correlativity  be  represented  by  an  exponen¬ 
tial  function,  i  .e . 

aP  --  k  e"*  .  . . .  ( 5 ) 

wherein  k  and  ra  are  analitical  factors. 

by  utilizing  formula  (b)  the  extrapolation  of  curves  was  done  and  the  re¬ 
sult  whereof  are  given  in  figure  6. 

As  an  interesting  feature  it  can  be  pointed  out  that  for  all  other  exami  - 
ned  tyres,  the  curves  obtained  were  practically  identical. 

From  figure  6.  the  characteristical  cross  reference  points  can  be  noticed 
where  the  power  losses  occuring  in  movement  of  a  hard  surface  are  identi¬ 
cal  with  losses  occuring  with  movement  on  a  soft  surface,  assuming  an  un¬ 
changed  regime  of  movement,  in  conformance  with  hypothesis  given,  points 
when  the  cohesion  characteristics  of  the  soil  are  coming  to  be  destroyed. 
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e*.s  f*  f  "i"  \j  on  '.if*  1 1 ;  '1  Iff  pneumatic  tyre  with  movement  <•>.  ’.ut! 
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t.VeS  ter  <t  hard  Sur*a>e,  ,)  t  equal  conditions  of  movement  . 

ifitn  an  increase  of  slip  the  looses  get  ’■educed  on  account  of  increased 
'esses  ,v  the  Jest r  ut.  1 1  on  ut  soil  structure  and  compo'  tine,  so  th.i  f  when 
the  c  r  *  1 1  c  a  I  tu.'annq  apacity  of  the  soil  is  reai  hed  with  the  critical 
slip  ever  partial  d  l  sbuPdeni  re;  of  the  tyre  structure  happens,  and  tie  for - 
ewa  t-i  v  ■  iininish. 

'he  ,aiue  i  ‘  the  critical  slip  I  ay i nq  between  IP  and  19  for  all  of  tes¬ 
ted  ty rev  and  variable  conditions  of  movement,  represent  in  principle, 
optimum  slip  .aloes,  when  the  optimum  degree  of  pull  utilization  occurs. 
This  means  a  possibility  of  useful  application  of  presented  methodol  oqy 
in  this  domain. 
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TKA  'TIC!::  FORCES  OF  DRIVE  TYRE  ',N  THE  COMPACTED  SOIL 


J.  SWIECll 

IBMER,  WARSAW,  POLAND 


INTRODUCTION 

Kind  of  soil  and  its  condition  exerts  ar.  important 
influence  on  the  size  of  traction  forces  achieved  by 
driving  systems.  The  kind  of  soil  determined  by  its 
mechanical  composition  may  be  assumed  as  unaltered  even 
for  a  Ion#  period  of  time.  The  condition  of  soil  determined 
by  its  physical  and  mechanical  properties  is  dependant  on 
the  kind  of  cultivation,  vegetation  humidity  and  compaction. 
As  a  result  the  value  of  traction  forces  depends  or.  the 
temporary  condition  of  soil.  In  order  to  find  out  the  value 
of  traction  forces  as  influenced  by  the  compaction  of  soil 
traction  tests  of  tractor  drive  tyre  were  effected  at  the 
Institute  for  Bulldlngt_  Mechanization  and  Electrification 
in  Agriculture  in  Warsaw.  Teste  dealt  with  in  this  report 
were  made  under  humidity  of  soil  and  operation  parameters 
of  the  tyre  (vertical  load  and  inflation  pressure)  kept 
fixed  while  charging  the  compaction  of  soil.  , 

TEST  PROCEDURE 


Measurements  were  made  under  laboratory  conditions  in  a 
soil  bin  filled  with  natural  soil  of  the  following 
mechanical  compoeltion: 

-  sand  (1-0.1  mm)  -  42  per  cent 

-  silt  (0.1-0. 02  mm)  -  36  per  cent 

-  clay  (  <0.02  mm)  -  22  per  cent. 

The  humidity  of  soil  during  the  testing  was  m  =  11  5  0.5 
per  cent.  Before  measurement  of  traction  the  soil  was 
tilled  0.25  m  deep,  levelled  and  stripped.  In  order  to 
obtain  various  compaction  of  soil  it  was  rolled  with  a 
smooth  roller 

d w  =  0.41  m 
Gw  -  415  kg 

The  measurements  wars  mads  for  4  different  conditions  of 
soil 

1  -  tilled  and  levelled  soil 

2  -  soil  rolled  2  times 

3  -  soil  rolled  4  times 

4  -  soil  rolled  6  times. 

Traction  parameters  of  soil  were  established  by  way  of 
compaction  test  [1]  as  represented  in  Table  1.  Measurements 


I 


I 


-s>.  . 


no 


of  drawbar  pull  force  -  Pp.  torque  -  T  and  depth  of  tyre 
rut  tfc  were  made  for  a  tyre  14.9/13-28  8  PH  AN-10  (lug 
angle  o\  *  0.4  rad).  Fig.l  by  using  a  device  Trak  [2  3  . 
During  the  measurements  a  vertical  load  W  »  8.0  kH 
Inflation  pressure  p0  =  90.0  kPa.  Trace  of  tyre  left  in  the 
soil  prepared  for  testing  each  of  the  conditions  is  shown 
in  Pig.  2-5. 


RESULTS  AND  DISCUSSION 

Results  of  measurements  are  displayed  in  Pig.  6-9  as 
diagrams  of  mean  values  Pp  (  T  and  zjc  in  the  function  of 
slip  -  s.  Curves  of  mean  values  were  plotted  through  the 
middle  of  dispersion  field  for  measurement  values  on 
diagrams  recorded  with  X-Y  recorder.  Pig.  6-9  show  also 
curves  of  tractive  efficiency  rjt  computed  by  way  of  the 
formula 

n»  •  -T*-  rr  (1  -  •> 

where  rr  -  rolling  radius. 

Under  given  test  conditions  the  maximum  positive  slip  of 
the  tyre  s  *  50  per  cent  was  achieved  regardless  of  the 
soil  compaction.  The  curves  of  drawbar  pull  force  were 
increasing.  The  maximum  force  of  drawbar  pull  achieved 
under  compaction  corresponding  to  rolling  the  soil  6  times 
amounted  to  Pp  =  5.93  kit.  Following  measurements  of  tyre 
rut  it  was  found  that  it  depends  on  the  level  of  compaction. 
As  soon  as  after  the  second  rolling  the  depth  of  tyre  rut 
decreases  by  0.045-0.05  m  as  compered  to  the  soil  not 
compacted.  Further  compacting  of  the  soil  (up  to  4  and  6 
times)  brings  about  not  so  large  decrease  in  the  depth  of 
tyre  rut.  Differences  in  depth  after  succeslve  rollings 
are  no  higher  than  0..01  m. 

The  difference  in  depth  of  tyre  rut  between  the  non 
compacted  soil  and  the  6  times  rolled  one  is  depending  on 
the  slip  0.06-0.07  m.  Rolling  resistance  forces  computed  by 
the  author  Pp  >  0  have  shown  that  value  of  the  force  on  the 
not  compacted  soil  was  maximum  Pr  =  1.44  kM.  With  growing 
compaction  the  value  of  rolling  resistance  force  was 
decreasing,  after  6-th  roll  Pr  =  1.05  kH  that  is  by  about 
27  per  oent  lower  than  on  the  soil  not  compacted.  With 
increasing  compaction  of  soil  there  grows  tractive 
efficiency  to  reach,  at  the  slip  s  ■  15  per  cent,  the 
maximum  value  regardless  of  the  level  of  soil  compaction. 
After  6  times  of  rolling  the  soil  t  max  B  67.7  per  cent 
and  is  by  about  15  per  cent  higher  than  on  the  soil  not 
compacted. 

In  order  to  compare  actual  values  of  drawbar  pull  forces, 
tractive  efficiency  and  depth  of  tyre  rut  there  are  put 
together  in  Table  2,  results  of  measurements  and  compaction 
of  the  values  for  the  slip  s  *  10,  15  and  20  per  cent. 


i 

i 

t 
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Pollowing  results  available  in  the  above  table  it  ie 
possible  to  establish  that  under  maximum  tractive 
efficiency  corresponding  to  the  slip  s  =  15  per  cent,  the 
difference  between  the  value  of  drawbar  puli  force  in  the 
soil  not  compacted  and  that  rolled  6  times  amounts  to  about 
1R  per  cent.  The  depth  of  tyre  rut  decreases  with  growing 
compaction  of  soil.  In  the  soil  rolled  6  times  it  is  about 
56  per  cent  lower  than  in  the  soil  not  compacted. 

CONCLUSION 

The  research  on  the  influence  of  soil  compaction  on  the 
value  of  traction  forces  wje  made  in  an  average  silt  soil 
having  the  humidity  of  11  1.5  per  cent.  Measurements  were 

made  in  a  tilled  and  levelled  soil  as  well  as  one  compacted 
with  a  roll  2,  4  and  6  times.  There  was  measured  value  of 
traction  forces  achieved  by  a  tyre  ^ 4 . 9/ 1 3  — 2B  R  ?H  AN-lQ 
Stonil  under  vertical  loading  W  -  ;*.o  kN  and  inflation 
pressure  p0  =  90.0  kPa.  The  teste  have  shown  that  under 
given  soil  conditions  and  growing  compaction  ot  soil: 

-  drawbar  pull  force  is  increasing  and  under  slip  corres¬ 
ponding  to  maximum  tractive  efficiency  in  the  soil  rolled 
6  times,  it  is  about  18  per  cent  higher  than  on  the  soil 
not  compacted, 

-  rolling  resistance  force  for  Fp  =  0  is  decreasing  to  fall 
in  the  soil  rolled  6  times,  by  about  27  per  cent  as 
compared  to  the  not  compacted  one, 

-  the  depth  of  tyre  rut  decrease  and  in  the  soil  rolled  6 
times  it  is  about  56  per  cent  ( «  0.047  m)  smaller  than 
in  the  soil  not  compacted. 

KEY  TO  SYMBOLS 


') 

dw 

- 

dimension  of  roller 

m 

2) 

Fp 

- 

drawbaP  pull 

kN 

3) 

Fr 

- 

rolling  resistance 

kN 

4) 

G 

w 

- 

weight  of  roller 

kg 

5  ) 

km 

- 

modulus  of  unitary  deformation 
of  soil 

kG/cm^ 

6) 

m 

- 

humidity 

% 

7) 

n 

- 

exponent  of  soil  deformation 

- 

P) 

- 

inflation  pressure 

kPa 

9) 

rr 

- 

rolling  radius 

m 

10) 

T 

- 

torque 

kNm 

11) 

W 

- 

vertical  load 

kN 

n . 

X 

- 

scale  -  forces  exponent 

- 

13) 

zk 

- 

deep  of  tyre  rut 

m 
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14)  oi.  _  lug  angle  rad 

15)  t  -  tractive  efficiency  % 
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Table  1. 

TRACTION  PARAMETERS  OP  SOIL 


Soil  conditions 

km 

X 

n 

kG/cm2 

- 

- 

Tilled  and  levelled 

0.73 

3.121 

1.226 

2  times  rolled 

2.671 

2.526 

0.817 

4  times  rolled 

3.591 

2.081 

0.598 

6  times  rolled 

3.796 

2.193 

0.61 

-  soil  rolled  time 


U  9/13-28  8PR  AN-10  STOMIL 


Fig  6  Drawbar  pull-Fp,  torque  -  T, 

Tire  rut-z^  and  tractive  efficiency  vs 
slip  -  s  (m*an  values) 


149/13-28  8 PR  AN -10  STOMIL 
1  W-aOkN 

pt-900  kPa 

QT  2  TIMES  ROLLED 


Fig.  7  Drawbar  pull  -  Fo,  torque  -T, 

tire  rut-zk  and  Tractive  efficiency 
slip-s  (mean  values.) 


U.9/13-28  8 PR  AN-10  STOMIL 
|  W  -  8.0  kN 
p,- 90.0  k  Pa 


Fp  T  QT 6  TIMES  ROLLED 

(kN)  (kNm) 


Fig. 9  Drawbar  pull-F^,  torque -T, 

tire  rut-z^  and  tractive  efficiency  vs. 
slip  -  s  (mean  values  ) 


FP » T 

14.9/13-28  8PR  AN-10  STOMIL 
|  W-  8.0  kN 

A  p/9Q0kPa 

( kN)I(kNm) 

GTU  TIMES  ROLLED 

(m)  (7.) 


Fig. 8  Drawbar  pull-Fp,  torque  -T 

tire  rut -2^  and  tractive  efficiency  vs 
slip-s(mean  values) 
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i -  Ih-hAND  TIFF  AN!’*  WH!  FhFD  VEHICLE  DPAWHAF  PFPF<  iRMANCF 


:  a  .  ;  *  r  i  -4  Mi-mi  .  j  ,  1 

A  *  :•  *.  Wi**TV*iys  Fxj  r  i merit  Station,  Vi'  '<st  'ir'j,  Mi^sissif-j  l 


ahstpa<  t 

In  ir.  if  pend  ix  f  the  ISTVS  nth  International  Conference 
Pap*  r,  *A  Syr  puis  of  Tire  IVsian  and  Operational  Cons  i  le rat  ions  Aimed 
it  lucr‘asi:.u  Ir.-Soil  Tire  Drawbar  Per  f  t  .rman<  <* ,  0  the  author  developed  a 
jr-\ed;re  for  defmini  ,  effective  sand  penetration  resistance 
:r.»i;«n*  .  v»t,  was  devised  to  ippr-'Ximate  the  value  of  G  that  predomi¬ 
nated  a,.i  xntj  \  ’liven  t  ire  pass,  normalized  to  one  type  of  frictional 
s»  1 1  .  ^♦’*e*  ted.  a*--  Y-.iim  sand  i  .  t  subsequently  served  as  the  soil 

strength  ’err.  i ar.d-tirr  nume  i  k  N«-,0 ,  which  aimed  at  pr  viding  a 

r  1  ies-  r  i;  t  i.-r,  f  t  ir«*  drawbar  performance  in  different  types  of 

-arvis  .  Peca  .se  t  he  range  of  sand  types  included  in  the  development  of 
v  and  N.  ,»  was  necessarily  quite  limited,  the  author  suggested  in  the 
# Synopsis*  papier  that  other  invest .mat  •  r  s  test  trie  universality  of 
relations  involving  Nc,f  and  tire  drawbar  performance  by  using  tire 
*e«o  re-alts  '-h  tamed  in  a  variety  of  sands. 

Ir.  their  I STVC  *th  Internet  ptmI  Conference  {viper,  "An  Assess¬ 
ment  t  t  V  a  1  ;  e  of  the  ('one  Pc?not  romet  vy  ir.  Mobility  Prediction,"  A.  R. 
P»o*c  e  an  i  J .  u.  Pec  a  applied  the  Nse  methodology  for  a  quite  different 
sar.a  and  obtained  NSP  versus  tire  drawbar  per formance  results  that  were 
n  f  described  well  by  those  in  the  "Synopsis"  paper.  This  prompted  a 
reexamination  by  the  author  of  information  in  the  "Synopsis"  paper,  an 
.inalysi*  f  lata  presented  in  Reece  and  Pe<  a  *  s  "Assessment "  paper,  and  a 
reir.aly.  ;*  f  i  si/eatle  body  of  U.  S.  Army  Engineer  Waterways  Experiment 
c  r.  WEhb  field  lata  on  wheeled  vehicle  performance  tests  in  a  variety 
..f  van us  all  supplemented  by  new  laboratory  sand  test  data).  The  primary 
result  f  tills  work  is  definition  of  a  new  NSOy  methodology  that  ac¬ 
curately  predicts  tire  and  wheeled  vehicle  drawbar  performance  in  a  very 
r  rr>a  1  range  f  sand  types  irid  conditions,  including  those  of  the  "Assess- 
mer.t”  paper. 
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INTRODUCTION 

To  obtain  host  wheeled  vehicle  performance  in  Kandy  soils 
requires  implementation  of  a  rational  methodology  for  selecting  the  most 
appropriate  tires  and  then  using  those  tires  to  best  advantage.  In  turn, 
such  a  methodology  requires  an  ability  to  predict  accurately  in-sand  fire 
and  wheeled  vehicle  performance.  Using  laboratory  and  field  test  results, 
this  paper  describes  a  useful  methodology  for  predicting  the  diawbar 
per  1 ormanre  of  tires  and  wheeled  vehicles  operating  in  a  broad  range  of 
sand  types  and  conditions. 


BACKGROUND 

Drawbar  pull  and  drawbar  efficiency  were  selected  to  describe 
in-sano  tire  performance  herein  because  (a)  the  amount  of  pull  a  powered 
wtieel  ,  an  develop  is  often  of  major  concern  in  vehicle  in-sand  operations, 
and  (h)  the  efficiency  with  whlth  a  given  amount  of  pull  is  developed 
determines  the  input  energy  required,  a  major  concern  in  today’s  energy- 
cons,  ious  world. 

It  has  proved  useful  to  describe  In-sand  tire  performance  by 
relating  dimensionless  tire  performance  terms  to  a  dimensionless  sand- 
tire  prediction  terra,  or  numeric.  Tire  drawbar  performance  is  described 
heroin  hv  the  following  two  terms: 

Drawbar  coefficient  (u)  -  !>P/W  (1) 


where 


DP  -  drawbar  pull,  the  "force  available  for  external  work  In  a 

direction  parallel  to  the  horizontal  surface  over  which  the 
(tire)  is  moving"** 

W  -  weight  (load)  on  the  tire 

and 


()P  V 

Drawbar  efficiency  ( •»)  -  — -  (2'' 

where 

DP  *  drawbar  pull 

v  •  forward  velocity  of  the  wheel  axie 
T  “  torque  input  to  the  wheel 

•  rotation  velocity  of  the  torque  input  shaft 

*  Path  raised  number  in  the  main  text  re*ers  to  a  reference  of  the  same 
number  at  the  end  of  the  text. 


;  he  s.md  t  i  t  e  mini*  t  i » 


is  de !  i  n»d  as  : 


•*  sand  penet  t  at  i  on  resistance  >:  t  .»<.!  i  «*n  t  ( des*  r  i  hed  in  the  next 
pa r .  i  ►*  i  aph  > 

*  unloaded  tire  sec  t  Ion  width 

»  : ti  1 oaded  tifr  outside  diameter 

-  Jin  1  oaded  t  i  r  «*  HIM  t  Ion  height 

*  tire  ii**f  !  ei  t  i  on  <!  he*  difference  between  tin  loaded  (  ire  section 
bright  h  and  loaded  tire  sect  Ion  height,  with  each  height 
measured  as  the  tire  rest‘d  on  a  flat,  level,  unyielding  surface) 


'■  i  ^  the  .ivcr.lK*'  slop**  of  the  curve  of  soil  penetration  resist- 
a:i.  i  >  versus  <  one  petie  t  i  a  t  i  on  depth,  with  ('  anti  mnc  depth  measured 
within,  a  ’.peciMed  soil  laver  (ordinarily  the  0-  to  IS-cm  laver).  c  is 
the  force  per  unit  cone  base  area  required  to  penetrate  a  soil  normal  to 
its  surface  at  1.0  cm/sec  with  a  right  circular  10-deg-apex-ang le  cone  of 
i .  J  sq- .  r*t  base  area.  (The  equivalent  of  C  in  Kng  lish  units  is  cone 
index,  1  !.)  Figure  1  shows  sample  record  i  ngs  of  C  .ersus  cone  penetra¬ 
tion  depth  tor  a  1  aborat  orv-prepareii  sand  test  bed.  Note  that  zero  cone 
penetration  depth  is  defined  .is  occurring  when  the  base  of  the  t.Jl-sq- 
i  T?i  i  out  is  flush  with  the  initial  sand  surf. ice. 


For  simplification,  drawbar  performance  is  analyzed  herein  on  1 v 
at  JO  percent  sllp--l.e.t  onlv  .  and  f.  data  are  considered.  I’se 

> ■  *  this  nominal  slip  value  is  meaningful  because,  as  illustrated  in  Figure 
J  taken  f  rom  Reference  J ) ,  JO  percent  slip  provides  a  reasonable  balance 
'*  good  in-sand  tire  .  and  *  perl  orn.m<  e  fwitfi  somewhat  greater  weight 
k’iven  to  ..  >  for  a  broad  range  of  values  of  N 

s 

KVOITTION  0/  DRAWBAR  PF.R_KoKMANr  F  PRKDin  H>NS 
BY  N  AND*  N 


Par  1  v  Deve  1 « tpmen  t  o  t 


d i mens i  >  ■ 
single  t 
near  Yur. 
in  this 
•JO  t«*s 
anot  he  r 
and  *'h 
’iesi  r  i he 


Ns  was  f  irst  defined  hv  Freitag  almost  JO  years  ago  bv  means 
na 1  analysis  of  the  results  of  laboratory  dynamometer  tests  of 
Ires  in  air-drv  Yuma  sand  (a  desert  sand  taken  from  active  dunes 
a,  Ar  i  /ona  >  .  l’sing  data  f  ron.  Reference  '♦  tor  10  tires  tested 
sand.  Figure  1  illustrates  th.it  N  effectively  consolidates 


t  data  to  one  well-defined  relation  <  Figure  la  >  and  •  >()  data  t> 
'Figure-  »M  for  verv  broad  ranges  of  values  »»f  <•  ,  h  ,  d  ,  W 
Thus,  f  ipwre  i  strongly  supports  the  coin  his  Ion  that  S, 
s  in-sand  tire  .  ifJ  and  *  »f}  performance  quite  well  --at  least 
dr v  Yuma  sand. 


In  Reference  ,  the  relation  of  drawbar  pull  data  to  Ns  w.m 
also  examined  for  tests  "c  otidtu  Ted  >’n  <  *  *a  r  se  -  g r  .1  i  ned  soils  in  various  parts 
of  the  world  with  a  variety  of  military  vehicles."  In  these  field  tests, 
sand  "usually  was  moist  <»r  even  wet  ;  drawbar-pull  tests  usually  were  not 
run  .it  a  <  Miif  r-d  !•■  !  *.  1  1  p  >»ut  were  made  at  several  levels  <0  pull  with  on  1  v 
the  data  rcdc-.inf  f  •  *'*  ::..ix  lMir;  pull  refolded  for  ea<h  test;  and  no 
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*  p  «■  k  ia!  j-r  «*-,  i«.  i  -11%  wrir  made  t  * »  c  out  r<’l  d  i  I  f  *■  r  on  t  i  a 1  wheel  ’-lip,  dvnan.ii 
weight  ti.m^tri,  *  *  t  *t«eiing  tones."  Figure  l*  i  11  us  f  r  .if  cs ,  .i‘«  would  hr 
i- xpci  t  i**l ,  i  .1  >  that  th«'  vei  mis  Ns  relation  defined  hv  t  liese  firld 

test  data  Miows  mucli  smaller  values  of  at  otr  r  rspond  I  ng  values  «»f 

than  Its  the  single-tire  laboratory  relation  of  Figure  ia,  and  fb) 
that  tin  tiel«l  !  elation  exhibits  substantially  more  data  si  -it  ter  than  does 
the  laboratory  relation.*  (Data  from  tests  at  sand  moisture  contents 
■  uilv  up  to  about  ’  percent  are  shown  in  Figure  ** .  )  The  field  relation  in 
!  U:ure  ♦  was  considered  sutii<  ientlv  well  defined,  however,  to  "offer  the 
basis  tor  a  tentative  performanie  prediction  system  .  .  .  for  vebii  les 

■>peiating  in  drv-to-mnist  sands." 

For  a  number  of  years  this  "tentative  performance  prediction 
svsten."  was  accepted  as  workable,  although  it  was  recognized  that  the  sys¬ 
tem  had  potential  for  further  refinement.  Such  refinements  were  made 
piecemeal  and  in  an  evolutionary  manner,  primarily  because  of  the  lack  of 
data  for  defining  in  detail  a  range  of  physical  properties  of  the  sands 
tor  which  tire  and  wheeled  vehicle  drawbar  performance  data  were  avail¬ 
able.  Fvents  of  the  past  few  years  have  caused  a  rem*wed  interest,  how¬ 
ever,  in  refining  and  Improving  the  drawbar  performance  versus  sand- tire 
numeric  methodology  for  wheeled  vehicles.  The  remainder  of  this  paper 
lrstrihes  development  of  such  a  methodology,  first  taking  Into  account 
some  insights  gained  in  earlier  studios  of  the  Influence  of  sand  type  on 
single*- tire  drawbar  performance. 

First  (  on s i d era tions  of  Two  Sand  Type s 

In  addition  to  single-tire  tests  in  air-dry  Yuma  sand,  WES  also 
conducted  a  smaller,  but  significant,  number  of  laboratory  tests  in  air- 
drv  mortar  sand  (a  coarser-grained  riverbed  sand).  Figure  5a  uses  data 
from  tests  of  five  tires  in  mortar  sand,  together  with  the  ^20  versus 
Nj.  curve  from  Figure  la  for  Yuma  sand,  to  demonstrate  that  these  tires 
developed  consistently  smaller  values  of  i.jq  in  mortar  than  in  Yuma 
sand  at  corresponding  values  of  . 

In  1 W?#  Reference  0  attempted  to  account  for  this  difference 
by  using  the  relations  « * f  (1  to  relative  density  (Dr)  for  the  two 
sands,  defined  from  Reference  b.  For  air-drv  mortar  sand: 

I. -  75.0  log  <;  ►  ^  (4) 

and  tor  air -dry  Yuma  sand: 

>  1)  -  71  .  1  log  0  ♦  51  .b  (5) 

Vher 


e  -  e 
max 

I)  -  -------  •  100,  percent 

r  e  -  e  ' 

max  min 


(6) 


*  f  < '  r  s  imp  I  1 1  Itv,  .ill  tlr.iwh.ir  c  t>ef  t  1  c  1  enl  data  conn  idered  herein  are 
designated  .•_>[)  data,  although  i.  In  the  wheeled  vehicle  field  tests 
was  sampled  at  the  near-max iimim-pu  1  1  level,  not  necessarily  20  percent 
slip.  Also,  fur  brevity,  tire  drawbar  performance  in  several  subsequent 
figures  is  defined  on  1 v  In  terms  of  i^o  ■  Performance  is  described 
In  terms  of  both  .  and  *.  in  appropriate  concluding  figures. 
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' 'max  al,‘t  '(tin  are  void  ration  for  the  loosest  and  densest  sand  states, 
respectively,  and  e  Is  void  ratio  foi  the  bef ore- 1 1  re-pass  sand  condi¬ 
tion.  A  given  value  of  mortar  sand  (•  (G^  in  Figure  3)  was  converted 

to  Yuma  sand  i.  *.  <  .y  I  by  first  determining  the  mortar  sand  Dr  value  In 
Filiation  A  and  then  using  that  same  Dr  value  to  solve  for  Yuma  sand  G 
In  Equation  6.  This  use  of  Dr  as  the  intermediate  soil  parameter  in 
translating  values  between  different  sands  appeared  to  produce  the 

desired  result,  as  evidenced  in  Figure  lb  by  the  shift  of  the  mortar  sand 
tire  test  data  to  locations  clustered  about  the  P20  versus  NB  curve 
for  Yuma  sand.  Reference  6  recognized,  however,  that  use  of  Dr  as 
described  above  must  he  considered  tentative,  and  recommended  "that  tests 
be  conducted  In  several  additional  sands  so  that  the  relative  density 
approach  .  .  .  ran  he  further  verified." 


In  1976,  Reference  7  reported  drawbar  performance  results  from 
.1  later  series  of  tests  in  afr-dry  mortar  sand,  these  conducted  with  four 
9.00R20  radial  plv  tires  (each  different  in  terms  of  tread  design  and 
other  construction  features),  plus  two  *.00-20  hlas-plv  tires  (one  with 
nondlrect ional  cross-count rv  tread,  the  other  with  tread  buffed  smooth). 
Tests  for  each  tire  were  conducted  over  n  range  of  wheel  loads  and  tire 
deflections,  and  at  two  levels  of  G  ,  approximate  1 v  2.2  and  6. 6  MPa/m. 
For  tire  deflections  of  16  and  36  percent.  Figure  6a  shows  that  the  rela¬ 
tion  of  c 20  to  Na  separated  as  a  function  of  C  .  Further,  Figure  oh 
shows  that  the  relation  of  1*20  to  (Na)v  for  these  test  data  also 
v  (where  Gy 
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separated  bv  Gy  (where  Gy  values  in  (Na)y  were  obtained  bv  F.quations 
A  and  5  and  the  process  described  in  the  previous  paragraph).  In  attempt¬ 
ing  to  account  for  this  separation,  Reference  7  noted  that  "Ideally,  the 
G  value  to  use  in  describing  tire  performance  for  a  given  (tire)  pass 
is  the  value  that  predominated  during  that  pass.  For  first  pass,  this 
value  lies  between  the  0-  and  1-pass  values" — i.e.,  between  the  before- 
and  after-first- pass  values.  Examination  of  mortar  sand  tire  test  data 
showed  "that  G  changes  with  ti^e  traffic  in  a  funnel-shaped  pattern" 
like  that  shown  in  Figure  6c,  and  "indicated  that  the  best  G  value  lor 
describing  first-pass,  20-percent-slip  tire  performance  is  G  at  "pass 
number"  0.76  (hereafter  termed  Gq. 75) •  That  is,  G  should  be  weighted 
!:1  toward  its  after-first-pass  value."  Figure  6d  shows  the  well-defined 

3/2 


relation  obtained  for 


versus  N'  ,  where  N'  . 

20  s  s  W  h 

While  the  >20  versus  Na  relation  collapsed  the  mortar  sand  test  data 
for  the  six  9.00x20  tires  quite  well,  the  central  curve  in  Figure  6d  is 
notably  different  from  the  one  in  Figure  3a  for  Yuma  sand.  The  thrust  of 
the  analysis  in  Reference  7  was  not  directed  at  accounting  for  the  influ¬ 
ence  of  sand  type  on  tire  drawbar  performance.  However,  Reference  7  recog 
nlzed  that  "Clearly,  more  work  is  needed  to  develop  techniques  for  descrtb 
ing  sand  soil  strength  that  changes  significantly  with  tire  traffic." 


c0.75Cbd) 


A  First-Cut,  More  General  Methodology 


In  1978,  Reference  8  attempted  to  define  a  methodology  to  satis¬ 
fy  the  two  needB  demonstrated  in  Figures  6  and  6— l.e.,  to  define  a  means 
(al  for  translating  G  values  between  different  sand  types,  and  (b)  for 
describing  the  effective  (predominant)  during-t ire-pass  value  of  G  . 

This  methodology  was  applied  by  means  of  the  nomogram  shown  in  Figure  7. 

The  aim  of  the  nomogram  was  to  define  Gc  ,  "effective  sand  pene 
tratlon  gradient,  the  value  of  G  that  predominated  during  a  given  tire 
pass,  normalized  to  one  type  of  frictional  soil  (selected  as  Yuma  sand).” 
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Use  of  the  nomogram  required  known  be  fore- 1  Ire-pass  values  of  C.  and  of 
Pr  (Cj,  and  Dj-jj  ,  respectively),  and  Involved  the  following  steps  ( Iden¬ 
tified  bv  circled  numbers  in  Figure  7): 


Step  1:  For  the  sand  of  Interest  (taken  as  mortar  sand  In  Figure  7a), 
determine  for  G  the  correspond lng  value  of 


rb 


Steps  2  and  3:  For  the  tire  b/d  value  of  concern  (0.29  In  Figure  7b, 


for  example),  translate  the  D-jj 
(shown  as  a  dot  In  the  example). 


value  of  step  1  from  Figure  7a  to  7b 
In  Figure  7b,  use  the  family  of  curves 


that  relate 


’rb 


to  D  (effective  relative  density)  as  a  function  of 


tire  fc/d  to  estimate 


rB 


Steps  4  and  5:  Translate  Dre  of  step  3  f  or  the  sand  of  Interest  to 
for  Yuma  sand  (step  4),  and  then  to  0-  for  Yuma  sand  (step  5). 


from  step  5  was  then  used  as  the  soil  strength  term  in 


r.  (bd) 
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and 


N  was  related  to  tire  drawbar  performance 
se 


so  W  b 

terms  tan  and  020  tan  *70  •  The  rationale  for  using  tan  ♦  7Q 

(tangent  of  sand  internal  friction  angle  from  a  direct  shear  test  at 
70  percent  relative  density)  as  a  multiplier  of  Ujo  and  020  waa  that 

,  value  of  about  70  percent  for  comaon  tire 


1  a ) 


Prk  tends  toward  a 


shapes  (b/d  values  from  about  0.2  to  0.3),  particularly  with  repeated 
t ransformat ions  of  0rh  to  Dfe  to  correspond  to  multiple  tire  passes, 
and  (b)  the  products  1^0  tan  *70  n20  tan  *70  appeared,  in  con- 

tunction  with  Nse  ,  to  provide  a  normalized  description  of  tire  drawbar 
performance  for  the  three  frictional  aoils  considered  in  Reference  8 
1  Yuma  and  mortar  sands,  plus  a  finely  crushed  basalt  used  as  lunar  soil 
simulant,  LSS,  described  in  Reference  9). 


Figure  8  shows  the  relations  (a)  of  P20  to  Ns  and  (h)  of 
„2o  tan  ♦ 7q  to  Nse  based  on  test  results  in  Yuma  sand  for  the  same  10 
tires  as  in  Figure  3a,  in  mortar  sand  for  the  same  11  tires  as  in  Figures 
S  and  6,  and  in  LSS  for  one  tire- like  wheel.  (This  wire-mesh  wheel  was 
evaluated  for  use  on  the  lunar  rover  vehicle  by  testing  the  wheel  in  the 
rather  exotic  LSS.  The  two  asterisks  of  Figure  7a  define  coordinates  of 
!)r  and  G  for  the  two  LSS  test  conditions.)  For  the  test  data  con¬ 
sidered,  the  relation  of  ujo  tan  *70  to  Nse  *n  F*gure  8b  is  consider¬ 
ably  better  defined  than  la  that  of  pjO  to  Ng  ln  Figure  8a.  While 
the  Figure  8b  relation  appeared  promlalng,  Reference  8  "recognized  that 
the  range  of  frictional  toil  types  considered  .  .  .  ls  limited;  thus  it  ls 
hoped  that  other  investigators  will  teat  the  universality  of  the  P20  tan 
; /0  and  120  tan  *70  versus  Nge  relations  using  tire  test  results 
obtained  ln  a  variety  of  frictional  Bolls." 


In  1981,  References  10  and  11  applied  the  methodology  described 
in  Figures  7  and  8  to  drawbar  performance  data  obtained  with  a  6.00-16, 
2-PR  treadleaa  (smooth)  tire  in  air-dry  Cresswell  sand.  For  this  tire- 
sand  combination.  Figure  9  shows  that  the  U20  tan  *70  versus  Ng_ 
relation  obtained  waa  very  different  from  that  obtained  in  Figure  8b. 


Clearlv,  the 


tan  ♦ 


J20  """  T7Q 
was  ahown  not  to  succeaaru 


and 


70 


tan  ( 


70 


N 


ae 


methodology 


jllv  treat  all  sand  tire  situations,  and  the  need 
waa  established  for  analyzing  a  broad  range  of  sand  types  and  conditions 
in  one  study.  A  description  of  that  analysis  follows. 
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\  Methodology  for  a  Broad 

*.  •  •  v 

.  >*  Sand  Types  and  londitions 

'he*  lest  Sands.  Two  major  limitations  In  flu*  WES  analvsos 
•-  :  to  Mils  point  are  that  (a)  on  1  v  two  ordinary  tost  sands  witj- 

•  .:•!«-«!  'Yuma  and  mortar  sand--the*  exotic  l.SS  Is  hereafter  not  <on- 

iiin  »  '1  1 ,  a  iLl  <h>  these*  sands  wore  each  used  onlv  air-drv  in  s  I  rip,  I  e- 1  i  re 
testing.  IhV  now  analysis  considers  111  sands--the  Yuma,  mortar,  and 
1  ns.svt!  1  -apds,  plus  seven  other  sands  lor  which  vehicle  field  drawbar 
to-?  data  vi"  r  available  (six  sands  from  References  4  and  12,  one  from 
M'lcmicr  l  l>.  A  separate  value  of  sand  moisture  content  was  reported  in 
References  1.’  and  1  1  for  each  whet*  led  vehicle  test;  tests  at  moistures 
* i or  1  to  :  percent  arc  considered  herein. 

A  lie*  essarv  tirst  step  in  the  analysis  was  to  obtain  samples  of 
approx  ira  t  c  1  v  1  on  kg  eac  h  to?  the  10  test  sands.  In  tills  regard,  par¬ 
ti,  alar  thanks  are  extended  to  T>r.  A.  R.  Reece  for  supplying  the  needed 
sanpli  ot  rr*  sswell  sand  (the  sand  used  in  References  10  and  11),  an  I  to 
.'r.  I  .  I.  A.  <  .  ’-rosjean,  Kt  ah  1  i  ssement  Technique  d*Ange*rs,  for  supplying 
'•and  samples  from  beat  lies  at  l  a  Turhalle  and  at  Sust  into*  France  (two  of 
the  test  sites  in  References  4  ami  12).  Samples  ot  tin*  Yuma  and  mortar 
ands  were  obtained  from  large  stockpiles  at  WES,  and  samples  of  the 
remaining  five  sands  were  obtained  in  re-visits  to  wheeled  vehicle  test 
sites  In  the  I’nited  States. 

A  major  concern  in  the  new  analysis  was  how  closely  the  10  sand 
samples  matched  the  sands  actually  used  in  the  tests  of  single  tires  or 
wheeled  vehicles  reported  In  References  4,  10,  11,  12,  and  11.  One 
"•cans  of  evaluating  this  was  to  compare  the  original  grain-size  distribu¬ 
tion  curves  shown  in  these  references  with  the  corresponding  curves  shown 
in  Figure  10  for  the  sand  samples  that  were  used  in  1 9 H 1  WES  soils 
laboratory  testing.  Results  of  this  comparison  are  shown  In  Table  1  for 
grain-size  diameters  at  the  10,  10,  50,  70,  and  90  percent  finer  bv  weight 
levels.  As  exported,  the  original  and  the  1981  curves  matched  verv  closely 
J  or  the  Yuma  and  mortar  sands  (WES  laboratory  test  sands).  For  Faw  Paw 
island  sand,  the  original  and  1981  curves  arc*  one'  and  the  same.  For 
Oresswell  sand,  there  is  a  noticeable  difference  between  the  original  and 
1  ^  8  1  curves. 


I'hc  ic-ma  ning  six  sands  were  tested  In  the  field  during  1958- 
1  i4h  I  ,  as  reported  in  Reference  12  (1961).  It  was  anticipated  that  the 
passage  of  some  20-25  vears  tine,  plus  inability  t<>  locate  precisely  some 
*•!  the  i  initial  test  site‘>,  could  cause  substantial  differences  between 
the  original  and  1 9  H  i  distribution  curve's,  at  least  for  some  of  the  six 
►Vference  12  sands.  As  It  turned  out,  the  original  and  the  1981  curves 
shove-d  almost  perfect  agreement  for  t he*  Pacire  Island  site,  ve*rv  close 
agreement  for  the  Mississippi  Rive*r  Bridge  site,  somewhat  less  agreement 
r  the  i  .i  Iui'b.ille  and  t  fie  two  National  Seashore  Headquarters  sites, 

>  ;  least  agreement  U>v  a  considerable  margin)  for  the  Suseinio  site. 

•  •';>lic  at  i  o  1 1  *  ■  of  comparisons  between  the  original  and  the  198  1  sand  grain 
diameters  as  described  in  Table  1  are  discussed  later  in  the  analysis. 

Rel.it  iuis  Among  ,  I>  ,  and  Sand  Moisture  Content.  In 

mai/inp  data  for  the  10  sand  samples,  it  was  recognized,  first,  that 
'  T  ipgcarod  not  to  be*  suitable  for  use  as  an  Intermediate  soil  parameter 
translating  between  sand  types.  (Recall  from  Figures  6a  and  6b  that 
f-p.ir .if  i. •!*  . •  f  »n  data  for  the*  Yuma  and  mortar  sands  was  not  alleviated 


!  \  t  Si  u-c  >  •  1  !>(  in  -i  translation  role.  I  Hnwi'vrr,  I»r  did  aspe-ir 

pion-.islng  lit  ii'ir  in  .1  st andai d 1  zed  desi  1  1  p  t  1  on  ot  flic  i  liange  In  sand 
‘•t  length  tii.lt  in  I  ill'.  dulfllg  l  given  till-  |I||SS,  tNi.tr  ttl.lt  Figure  /'h 
u  !'r  in  this  roll-  t  *  ■  describe  the  same  proi  >  ,  ..nmtvli.i  t  more  .  rude  I  v 

dcs.rihcd  in  Figure  hi  .)  Further,  t'r  has  t  hr  advantageous  ih.u.n  Irris 
tim.  (at  i't  Increasing  in  value  as  (■  increases,  .In  teasing  as  <• 
ills  rrasrs,  ami  (lit  of  taking  values  within  the  same  range  (0  to  lot) 
per.  ent  )  tor  a  1 1  sands  . 

To  develop  tin1  desired  standardized  drsi  rlptlon,  the  relation 
between  t.  and  0  was  determined  for  rurh  of  t  tie  HI  sand  samples  at 
sand  moisture  conditions  at  least  from  atr-drv  to  ’  percent  moisture. 
Additionally,  measurements  of  1;  and  P  were  oiitained  tor  the  Yuma 
and  tresswell  sands  at  a  t  til  1  v  saturated  condition  and  tor  t’resswoll  i.anil 
•  it  ".1  percent  moisture  content. 

Figure  11  shows  relations  among  (•  ,  Pr  ,  and  sand  moisture 

» out ent  representative  of  those  obtained  for  the  10  sand  samples.  For 

Yunus  sand,  this  f  Inure  illustrates  that  the  <•  versus  P  relation  Is 

r 

described  bv 


II  "a,  log  C.  +  a  (  / 1 

r  1  *  2 

where  .1 1  Isa  constant  for  a  given  sand,  and  as  changes  value  as  a 
(unit  Ion  of  sand  moisture  content.  Note  in  Figure  11  that  aj  decreases 
as  sand  moisture  content  increases  from  air-dry  to  about  7  percent  (tills 
same  pattern  was  obtained  for  all  the  test  sands),  but  a^  Increases 
markedly  as  moisture  increases  from  about  7  percent  to  the  fully  saturated 
'ondltion  (this  pattern  was  also  obtained  for  ('resswell  sand). 

Figure  12  illustrates  the  relations  (a)  of  a^  to  sand  moisture 
■  ontent,  and  (b)  of  (1  (at  F)r  ■  70  percent)  to  sand  moisture  content  that 
were  obtained  for  the  Yuma  and  Cresswell  sands.  For  each  of  the  10  sand 
samples,  the  pattern  of  change  in  with  change  in  moisture  from  air- 

irv  to  7  percent  was  similar  to  that  shown  by  the  dashed  curves  in  Fig¬ 
ure  ]2--i.e.,  for  each  sand,  aj  decreased  sem t logar 1 thm lea  1 1 v  as  moisture 
increased  from  air-drv  to  about  2  percent,  and  then  continued  to  decrease, 
but  at  a  f  ast -d  imini  shing  rate  until  a  minimum  ,\j  value  was  obtained  at 
about  7  percent  moisture.  For  the  Yuma  and  Cresswell  sands,  .c.  in- 
1  r eased  rapidly  as  sand  moisture  Increased  beyond  about  7  percent. 


The  influence  on  <■  caused  bv  this  pattern  of  change  in  112 
with  s.irul  moisture  content  is  seen  bv  rearranging  Equation  7  to 


f.  ■  ant  !  log 


(8) 


ibis,  tor  each  of  the  10  sand  samples  (constant  aj)  and  anv  constant 
level  of  !>r  ,  (.  attained  a  maximum  value  at  minimum  .1  1 — l.e.,  at  about 
per.  ent  moisture  content.  Further,  based  on  data  for  two  of  the  test 
•an. is  (Yuma  and  (resswell).  It  appears  that,  for  a  given  sand  and  constant 
:  (  ,  !.  decreases  rapidlv  as  sand  moisture  content  Increases  bevond 

. . it  7  peri  ent  . 


Table  2  sunmarizes  in  columns  1-9  for  each  of  the  10  sand 
samples  the  relation  of  I>r  to  (1  obtained  in  198)  WES  laboratory 
testing  at  sand  moisture  contents  from  air-dry  to  7  percent.  (Values  in 
ther  columns  of  Table  2  will  be  discussed  .subsequently.)  Note  in  column 
that  each  listed  value  of  atr-drv  sand  moisture  content  was  obtained 


In  t  he  WFS  soils  laboratory  after  a  given  sand  sample  remained  undisturbed 
for  at  least  seven  davs.  These  at-WF.S  air-dry  moisture  contents  do  not 
necessarily  correspond  to  alr-drv  moisture  contents  at  other  sites. 

Prediction  of  Pur  lng-Ti  re-Pass  0  .  To  predict  <;  for  the 

10  test  sands  required  implementation  of  both  (a)  the  relations  among  (•  , 
b  ,  ami  sand  moisture  content  /siimmar (zed  in  columns  1-9  of  Table  2), 
and  tb)  the  relations  among  Oj,  ,  tire  shape  factor  h/d  ,  and  r.e  stiown 
in  Figure  It.  A  three-step  process  is  involved: 


(1)  i'se  Equation  8  to  estimate  l>rh  (from  known  values  of 
,  a |  ,  and  «2^  ■ 

(21  Obtain  Dre  from  Figure  1  1  (using  I>r|,  from  step  c  and 
known  b  /d  1  . 


f) 

O'  Compute  0^  -  ant  flog  - 

a  and  a,  as  In  step  1  ) . 
1  *■ 


a 


2 


(using  the  same  values  of 


Before  applying  the  above  process.  It  Is  useful  to  examine  the 
relation  in  Figure  11.  The  shape  of  each  curve  in  Figure  11a  Is  the  same 
as  in  Figure  2b  for  h/d  values  of  about  0.2  and  larger.  For  smaller  b/d 
values,  the  curves  in  Figure  11a  reflect  recent  analysis  of  single-tire 
drawbar  test  data  in  Yuma  Band  using  the  1.75-26  bicycle  and  4.00-20,  2-PR 
tires  (b/d  values  of  0.068  and  0.150,  respectively)  not  considered  in 
Reference  8.* 


’n  agreement  with  Reference  7  and  with  Figure  6c  herein,  I>re 
in  Figure  11a  reflects  the  condition  obtained  at  tire  pass  number  0.75-- 
l.e.,  first-pass  0re  is  considered  weighted  1:1  toward  the  after-first- 
pass  condition.  For  two  powered-wheel  tire  passes,  the  appropriate  Dre 
value  is  for  tire  pass  1.75;  for  three  tire  passes,  2.75;  and  for  four 
tire  passes,  ).75.  The  relation  in  Figure  1  la  was  successively  applied  to 
obtain  nre  values  for  tire  pass  multiples  of  0.75;  I)re  values  for  tire 
passes  2,  ),  and  4  were  then  obtained  by  interpolation  as  needed. 


Detailed  application  of  the  t»r^  ,  b/d  ,  Dri>  relation  for  a 
given  a  1 1 -ax les-powered  wheeled  vehicle  would  require  that  a  separate 
value  of  <;e  be  determined  for  each  axle,  and  that  these  C,  values 
then  be  averaged  to  determine  CJe  for  the  overall  vehicle.  Figures  l)b, 
l  ie,  and  lid  avoid  tills  cumbersome  process  by  reflecting  averaged  values 
of  Dre  for  tire  passes  1  and  2,  passes  1  through  1,  and  passes  1  through 
4,  respectively.  For  a  given  4x4,  6x6,  or  8x8  vehicle,  then,  use  of  the 


*  In  Reference  8,  ..20  (and  n2(j)  values  for  all  the  tires  considered 

reflected  a  median  lea  1 /e  1  Ttrlcal  correction  to  negate  dynamometer 
carriage  acceleration  forces  developed  In  the  slngle-tlre,  progranmed- 
increasing-slip  tests.  No  such  correction  had  been  in  use  during 
teatb  of  the  1.75-26  bicycle  and  4.00-20,  2-PR  tires  reported  in  Ref¬ 
erence  4.  However,  for  a  number  of  single  tires  tested  over  a  broad 
range  of  Ns  values,  acceleration-corrected  »2q  from  Reference  4  has 
been  determined  to  be  smaller  than  uncorrected  yjo  by  a  near-constant 
0.045.  For  both  the  1.75-26  and  the  4.00-20  tires,  the  acce lerat ion- 
(orrected  ,;(|  values  used  herein  were  obtained  by  subtracting  0.045 
from  2 , ,  values  previously  uncorrected  for  carriage  acceleration. 
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single  appropriate  relation  in  Figure  lib,  13c,  or  13d  produces  a  single 
Dre  value  and  a  subsequent  value  of  fie  very  close  to  that  obtained  by 
treating  each  axle  singly. 


Use  of  fi 


The  Intended  application  of  fi 


defined  bv  the  three-step  process  described  earlier,  was  to  serve  as  the 

ce(bd)3/2  4 

soil  strength  tern  in  sand-tire  numeric  N  -  - rr— -  *  —  ,  such  that 

se  w  n 

Nge  would  collapse  both  single-tire  and  wheeled-vehicle  drawbar  data  for 
a  broad  range  of  sand  conditions  to  a  single  relation  for  a  given  sand 
type.  The  success  of  fie  in  this  role  is  illustrated,  first,  in  Figures 
14a  and  14b  which  ahow  for  10  single  tires  and  for  three  4x4  vehicles,  all 
tested  in  air-drv  Yuma  sand,  that  all  the  test  data  cluster  closely  about 


the  same  central 


relat ion. 


Ngf  was  also  determined  to  be  more  effective  than  Ng  in 
consolidating  data  for  each  of  the  nine  other  test  sands,  in  each 

case  producing  (as  expected)  a  separate  ujo  versus  N_e  relation. 
Figure  15  shows  representative  results,  using  data  (a)  from  tests  of  a 
single  6.00-16,  2-PR  tire  in  air-dry  Creaswell  sand  and  (b)  from  tests 
of  four  wheeled  vehicles  in  moist  sand  at  the  Padre  Island  site. 


Normalization  of 


Having  developed  a  means  to 


predict  fi,  ,  it  remained  to  develop  a  Mans  for  normalizing  fie  to  one 
sand  type,  selected  as  Yuma  sand.  Analyses  were  made  involving  a  number 
of  parametera  descriptive  of  physical  properties  of  the  10  sand  samples, 
with  best  results  obtained  by  application  of  the  relations  shown  in  Fig¬ 
ure  6. 

In  Figure  16,  three  sand  paraawters  are  Involved — penetration 
resistance  gradient  (C),  sand  compatibility  (D*),  and  sand  grain  median 
diameter  (d^Q)  .  Compatibility  is  defined  as 


e  -  e  , 

max  min 


*  100,  percent 


and  d^Q  (sand  grain  diameter  for  which  50  percent  of  the  sand  sample 
is  finer  by  weight)  is  read  directly  from  a  sand's  grain-size  distribu¬ 
tion  curve.  In  Figure  16,  subscript  x  denotes  sand  x,  and  subscript  y 
denotes  Yuma  sand.  For  a  given  sand  x,  known  values  of  Dx/Dy  and 
(d^)*/ (djo)y  *r*  U8ed  Figure  16  to  determine  corresponding  values  of 
(fiex/Cey)D'  •nd  *cex^cey)d  •  respectively-  A  given  value  of  G^  for 

sand  x  (Ge>)  is  then  normalized  to  the  corresponding  value  for  Yuma  sand 

(fi  )  by  the  relation 
ey 

G  -  C  »  (G  /G  )  (10) 

ey  ex  ex  ey 


C  /C  -  (G  /C  )  *  (G  /G  ) 


ex  ey 


ex  ey 


ex  ey 
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For  use  in  normalizing  C.ex  to  ,  the  curves  In  Figure  16 

exhibit  expected  trends.  A  given  sand  of  high  compart Ibi 1 1 ty  requires 
less  forc  e  for  its  displacement  than  does  one  of  low  compac t ih 1 1 1 t y  at 
the  same  relative  densltv.  Thus,  for  D^/l)y  >  1  (all  other  conditions 
constant),  0ex  must  he  increased  for  normalization  to  r.py  .  Tills  is 
accomplished  bv  talcing  the  appropriate  value  of  ({,eX/<;ev >1) 1  '  1  from 
Figure  16,  applying  this  value  in  F.quation  11,  and  then  using  Equation  10. 
(For  0^/1^.  «•  1  ,  (f’cX/*Vv^n,  >  1  and  0CX  is  decreased  in  normaliza¬ 
tion  t  o  v  ■ ) 

Note,  also,  that  the  penetration  resistance  of  a  sand  with 

large-diameter  grains  is  greater  than  that  of  one  with  smaller  grains 

(all  other  conditions  constant).  Thus,  for  1d<jf|)x/ (dy}) v  **  1, 

(<'’ex^<’ey^l>0  '  *  and  (*ex  decreased  in  normalization  to  .  (For 

( d  )  /(d  )  ••  1  ,  C  is  increased  In  normalization  to  C.  .) 

si)  x  y  ex  ev 

I'se  of  ('•  in  N  .  Having  determined  the*  value  of  <'• 
_ «*y  . Hyy  ev 

fc*r  a  particular  sand  x,  the  next  step  Is  to  use  6  in  N  « 

V2  ev  sev 

r.  (bd)J'^ 

(>  v  *, 

- — -  •  —  to  predict  in-sand  p,.  and  q_„  tire  and  wheeled  vehicle 

v>  h  zu  20 

performance.  The  success  of  C.  in  this  role  is  illustrated  in  the  fol- 
,  .  ,  ev 

lowing  comparisons. 

In  Figure  17a,  data  for  all  of  the  single-tire  tests  considered 
herein  for  the  Yuma,  mortar,  and  Cresswell  sands  cluster  about  the  same 
lop  versus  N’sey  curve  obtained  earlier  for  Yuma  sand  in  Figures  1 4a  and 
14b.  (Note  that  Nsey  «  Nge  for  Yuma  sand  only .  )  In  Figure  17b,  slngle- 
tire  test  data  for  these  three  sands  all  cluster  about  the  same 
versus  Nsov  relation.  Note  further  that,  based  on  results  from  the  same 
laboratory  single-tire  tests,  data  collapse  about  the  two  relations  involv- 
lng  Ng  in  Figure  17  is  considerably  better  than  that  about  corre¬ 
sponding  relations  in  Figure  18  Involving  N  . 

In  Figure  19,  the  wheeled-vehicle  test  data  for  six  sandy  field 

test  sites  show  much  less  data  scatter  about  the  central  utq  versus 

Naey  curve  (the  same  curve  as  in  Figures  14  and  17a)  than  do  corresponding 

data  for  the  same  test  sites  in  Figure  4  about  the  central  curve  of  ^20 

versus  N  .* 
s 

Based  on  Figures  17  and  19,  Nsey  is  demonstrated  to  be  very 
effective  in  consolidating  single-tire  and  wheeled-vehicle  U20  data  to 
one  relation,  *120  data  to  another.  Remarks  modifying  this  general  con¬ 
clusion  need  to  be  made,  however,  relative  primarily  to  one  of  the  labora¬ 
tory  test  sands  in  Figure  17  (CresBwell  sand)  and  to  the  one  field  test 
sand  not  shown  in  Figure  19  (Susclnlo  sand). 

Some  Strengths  and  Limitations  of  the  Methodology.  First, 

regarding  the  Cresswell  sand,  determination  of  its  Cey  values  in 
Figure  17  was  made  using  as  input  data  one  set  of  0  values  gleaned 
from  References  10  and  11,  plus  values  of  aj  ,  »2  *  »  an<*  ^S0 

from  the  1981  WES  laboratory  tests  of  the  Cresswell  sand  sample  (using 

*  No  "20  versus  Ngey  relation  is  shown  in  Figure  19  because  measure¬ 
ments  of  r, 2q  were  not  obtained  in  any  of  the  wheeled  vehicle  tests 
considered  herein. 
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»2  at  the  WF.S  air-dry  condition).  There  was  interest  In  determining 
how  these  predicted  values  of  Gey  (and  of  Ngey)  compared  with  those 
obtained  by  using  the  same  set  of  C  values,  together  with  input  values 
of  *i  .  *2  •  O'  •  ®nd  <Ho  *  obtained  from  References  10,  11,  and  14. 

Table  1  summarizes  this  comparison. 

For  the  11  air-dry  Cresswell  sand  test  conditions  considered, 
the  major  conclusion  from  Table  3  is  that,  although  two  quite  different 

sets  of  Input  values  of  aj  ,  a2  .  O'  •  and  <*50  were  used  (see  the  two 

footnotes  of  Table  3),  nearly  Identical  values  of  Ce„  and  of  Ng  were 
predicted  (compare  results  In  columns  9  and  10  with  those  in  columns  14 
and  15).  This  close  agreement  reflects  that  the  overall  proceas  for  trans¬ 
lating  values  of  G  to  Ce„  (summarized  In  the  first  footnote  of  Table 
3)  Is  reasonably  robust.  That  la,  based  on  the  comparison  in  Table  3,  the 
G-to-Gey  prediction  process  appears  not  to  be  unduly  Influenced  by  even 
fairly  sizeable  variations  In  values  of  Its  required  Input  parameters. 

This  tentative  conclusion  is  supported  by  the  wheeled  vehicle 
field  relations  shown  in  Figures  4  and  19.  For  the  first  five  sands  in 
the  legends  of  these  two  figures,  the  sand  samples  used  In  defining  values 

of  »i  ,  *2  •  D'  •  and  dcQ  by  1983  WES  laboratory  testing  were  like 

the  sands  used  In  actual  19S8  to  1961  field  testing  only  to  varying 
degrees — see  Table  1.  (For  the  sixth  sand,  from  the  Paw  Paw  Island  site, 
the  1983  sand  sample  was  taken  from  the  precise  location  of  field  test¬ 
ing.)  For  the  first  five  sands,  taking  this  discontinuity  between  sample 
and  test  sands  Into  account,  the  Improvement  In  the  relation  of  i^O  ver¬ 
sus  Nsev  In  Figure  19  versus  the  U20  versus  Ns  relation  in  Figure  4 
Is  rather  remarkable,  even  with  one  significant  caveat:  the  UjQ  versus 
Nsey  relation  obtained  for  Susclnlo  sand  (not  shown  In  Figure  19)  is  con¬ 
siderably  different  from  that  shown  In  Figure  19  for  the  six  other  field 
test  sands  (it  Is  displaced  far  to  the  left). 

There  are  two  principal  poss .  >1 11 1 les  for  explaining  what  at 
first  seems  to  be  the  atypical  u20  versus  Nsey  behavior  of  the  Sus¬ 
clnlo  data.  First,  It  Is  possible  that  one  or  sore  sand  parameters  needed 
In  the  process  for  translating  G  to  G  have  been  omitted.  The  proc¬ 
ess  described  herein  Is  the  one  that  was  determined  to  nuke  the  G-to-Gey 
translation  best  for  the  test  data  examined,  based  on  analysis  not  only  of 
the  sand  parameters  now  Included  In  the  process,  but  also  of  several  other 
parameters  Initially  considered  potentially  important  (coefficient  of 
uniformity  Cu  »  d^p/djo  •  angle  of  internal  friction,  etc.).  Still, 
mod  1 f lcat ions  might  substantially  Improve  the  0-to-Gey  translation 
process,  and  such  modifications  are  welcomed. 

The  second,  and  much  more  likely,  reason  for  the  U20  versus 
SHey  behavior  of  the  Susclnlo  sand  relates  to  the  fact  that,  of  the  10 
sand  samples  used  In  1983  WES  laboratory  testing,  Susclnlo' s  grain  diameter 
distribution  showed  least  agreement  with  Its  corresponding  original  dis¬ 
tribution,  by  a  large  margin — see  Table  1.  Thus,  It  was  not  surprising, 
when  the  Dr  -  141.0  log  C  ♦  a2  laboratory  relation  for  Susclnlo  sand  was 
applied  to  Susclnlo  field  values  of  G,  that  values  of  Dr  considerably 
larger  than  100  percent  were  obtained  in  soma  cases.  (This  did  not  occur 
with  the  nine  other  sands.)  Note,  also,  from  Table  1  that  the  Susclnlo 
field  sand  was  considerably  leas  coarse  than  the  1983  Susclnlo  sample  sand 
(which  Included  almost  as  much  gravel  as  sand — see  Figure  10).  In  fact, 
from  Table  1,  the  Susclnlo  field  sand's  overall  distribution  of  d  values 
Is  approximated  just  as  well  by  the  1983  La  Turballe  laboratory  sample 
(from  the  low  side)  as  It  is  by  the  Susclnlo  laboratory  sample  (from  the 
high  side).  (Prediction  of  Susclnlo  Gey  values  by  using  for  Input 
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Susclnio  t  1 r  1  d  C.  values  and  l.a  Turballe  laboratory  a  j  ,  aa  •  D*  »  ami 
3 t)Q  values  produced  a  Susclnio  1.20  versus  NR  relation  very  closelv 
approx i ma t ed  hv  the  relation  In  Figure  17.)  Finally,  note  that  the  good 
tit  ot  the  “mis,  lnt"  data  In  the  ,q  versus  relation  of  Figure  4 

further  indicates  that  characteristics  of  the  Susclnio  sand,  as  encoun¬ 
tered  on-site  and  measured  at  least  hv  C  ,  were  not  foreign  to  those  of 
the  six  other  sands  in  Figure  4. 

The  above  observations  suggest  that,  for  the  Suscinio  beach 
site,  the  discontinuity  between  1981  sample  sand  and  1919  field  sand  was 
simple  too  large  to  overcome  In  using  a]  ,  ai  .  I)*  ,  and  d^Q  values 

from  the  sample  sand  to  describe  drawbar  performance  in  the  field  sand. 
These  observations  also  lead  to  the  caveat  that  It  remains  to  be  deter¬ 
mined  how  coarse  a  sand  must  be  for  the  NSev  relations  not  to  apply. 
(Sands  at  least  as  coarse  as  the  l.a  Turballe  sand  are  successfully 
treated  hv  Ns<>v  •)  A  second  caveat  Is  that  a  substantial  amount  of 
laboratory  testing  Is  necessary  to  define  the  input  values  of  a,  ,  J2  • 

!>’  ,  and  de,o  required  bv  the  process  for  translating  0  to  r.  for  use 
in  NR(,V  (particularly  to  define  aj  and  n2  for  the  range  of  values  of 
Sr  and  sand  moisture  content  of  possible  concern).  If  the  user  Is  not 
restricted  hv  these  two  caveats,  the  NS(?y  relations  of  Figures  17  and  19 
are  useful  now  in  predicting  drawbar  performance  with  better  accuracy  than 
do  the  Ns  relations  of  Figures  18  and  4.  If  the  above  caveats  negate  use 
of  the  NRev  relations,  the  1120  versus  Ns  relation  of  Figure  4  is 
still  Judged  sufficiently  well  defined  to  offer  the  basis  for  a  useful 
wheeled  vehicle  drawbar  performance  system. 

■SUMMARY  AND  CONCH'S  IONS 

To  summarize,  a  five-step  process  was  developed  for  predicting 
tire  and  wheeled  vehicle  .120  and  performance  for  a  given  sand  and 

«and  moisture  content,  described  as  follows: 

(1) 

12) 

(3) 

(4) 

(V) 


Relations  of  v-20  an<*  n20  to  Nsey  fffrr  better  predic¬ 
tion  accuracy  than  do  those  of  1*20  at>d  n20  t0  f°r  a  broad  range 

of  sand  typets  and  strengths,  and  for  sand  moisture  contents  up  to  about 
7  percent.  Implementation  of  the  N8e„  relations  is  limited,  however, 
bv  two  caveats:  (a)  the  exact  range  of  sand  types  for  which  the  N8ev 
relations  are  applicable  remains  to  be  determined  (sands  from  at  least  as 
fine  as  the  Yuma  sand  to  at  least  as  coarse  as  the  La  Turballe  sand  con¬ 
sidered  herein  are  successfully  treated  by  NSPy) ,  and  (b)  substantial 
laboratory  testing  is  necessary  to  define  values  of  aj  ,  a 2  ,  D'  ,  and 
d«>Q  ,  which  are  required  as  Input  by  the  process  for  defining  0ey  for 
use  in  Nsey  .  Further  work  is  needed  to  minimize  or  eliminate  the  in¬ 
fluence  of  those  two  caveatB.  For  now,  with  proper  arcount  taken  of  their 


Use  Equation  7  to  estimate  D  ,  (from  known  values  of  0, 

.  ,  rb  b 

3^  ,  and  a^). 

Obtain  1)  from  Figure  11. 

rC  D  -  a, 

rc  2 

Compute  C.  -  anti  log  — — — —  .  For  sand  x  ,  this  is 

r.  .  e  ‘11 

ex 

Convert  Cex  to  0ev  by  use  of  Figure  16  and  Equations 
11  and  10. 


Use  Cev  in  Nsev  and  t^ie  relations  in  Figure  17  to 
predict  ujo  and  U20  • 


t 

t 
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limitations,  either  the  N8ey  or  the  Ng  methodology  can  be  employed  to 
predict  In-sand  tire  and  wheeled  vehicle  drawbar  performance  with  uaeful 
accuracy . 
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NOTATION 

a.,  a0  Constant  and  variable,  respectively.  In  the  equa¬ 
tion  Dr  -  a^  log  G  +  for  a  given  sand  over 

a  range  of  sand  moisture  contents 

b  Unloaded  tire  section  width 


C 

C 

u 

Cl 


Soil  penetration  resistance 
Coefficient  of  uniformity 
Cone  index 


d 


Unloaded  tire  outside  diameter 


d  ,  (d  )  ,  (d  )  Median  diameter  of  sand  grains,  d50  of  sand  x, 

'  d5Q  of  Yuma  sand 

D',  D ' ,  O'  Compact ibility,  compact lbl 1 1 ty  of  sand  x,  com- 

*  pactlblllty  of  Yuma  sand 


D  , 
r 


rb* 


D 

re 


DP,  DP 


20 


e,  e  ,  e  , 
max  min 


Relative  density,  before- 1 1  re-pass  relative  den¬ 
sity,  effective  (predominant  durlng-tire-pass) 
relative  density 

Drawbar  pull,  drawbar  pull  at  20  percent  slip 

Before-tire-pass  sand  void  ratio,  maximum  sand 
void  ratio,  minimum  sand  void  ratio 


c.  c, 


b’ 


C. 

ey 


h 

1 

N  ,  N  ,  N 
s  se  sey 


Sand  penetration  resistance  gradient,  before- 
tire-pass  G  ,  effective  (predominant  durlng- 
tire-pass)  G  ,  Ce  for  sand  x,  Ge  for  Yiana 
sand 


Unloaded  tire  section  height 
Slip 


3/2 


Sand- tire  numerics  N  •  ,  N 

s  W  h  se 


C  (bd) 

e 


1/2 


6 

h 

3/2 


,  G  (bd)  . 

,  ,  and  N  -  — - -  - 

h  sey  W  h 


i 

i 
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Torque  input  to  wheel 
Forward  velocity  of  wheel  axle 
l.oad  on  a  single  tire 
Tire  deflection  (under  load) 

Drawbar  coefficient,  drawbar  coefficient  at  20 
percent  slip 

Drawbar  efficiency,  drawbar  efficiency  at  20  per¬ 
cent  slip 

Rotation  velocity  of  the  torque  input  shaft 
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«t*  :  i  .•»**.  *  i'r  wit:,  a  so  1  t  l  <  )n  >  t  typo,*; 

n*.  "*)•••  }•  i  v*‘  i  t  r  ••  f  1  *  *  x  j  j  >  1  *  •  wi*h  -g  }  1  i  llility  *.  >  a 


I  .NTH' W  K*T  I  ON 


:  t  a  ;  >:  illy  nave  distinct  advantages  over  w  r  *  •  * « *  1  •  *  ■  i 

i  ••.ritry  •eirim.  primarily  bocauso  t  he  track  results  in 
:  w»  r  ir  j  r*  .n  ,  1»m  linj  to  reduced  sinkage  arid  a  hotter 

:  i  .*  i>  >f  trvtiv . if  it.  Against  t  h  i  s  the  steering  system,  whi<'h 

.  .  ;  i  i  .  v  i nt  <*g  r  at  *•  i  with  O.i'  t  *  ansmi  ss  ion  ,  is  more  complex. 

y  *  f:  r<  .it  wr.eo;<<J  vehi  b*.  ii.iv*}  independently  mounted  wheels  and 

t i, n  ..f  the  dynamic  behaviour  of  such  a  vehicle  travelling  over  a 
:«f  terrain  is  relatively  straight  forward.  However,  when  the  road 

ir**  ci.r.n*-ct  ed  by  a  track,  their  root  von  is  not  independent,  and 
*•  .  ,  ’  jet  her  with  the  motion  of  the  track  itself,  makes  prediction  much 
»>  ?e  iifficult.  Hearing  in  mind  the  complexity  and  high  cost  of  such 

tr.is  .  i  l  f  f  i  c  lit  y  is  a  serious  handicap  for  the  designer.  This  l 
;at'.  . 1 1  y  *  r  .<♦  «>f  mil  it  ny  tracked  venicles  which  aiditionaily  usually 

i.(  p.i*e  •  .‘1st  i  *  • » t « •  j  suspiens  ton  systems. 

1 1  :t,  _  J  the  wt.irk  described  in  this  paper  was: 

•».  !o  develop  »  computer  model  that  would  simulate  the  behaviour 
•f  i  »r.»«k  laying  vehicle. 

:  .  v-i  1  i  d.»t  *•  this  mod*- 1  against  field  measurements  on  real 


idle  !*•  vt- 1  opment  and  proving  of  such  a  computer  model  would  result  In  an 
»  xTitiin  *y  isr i  ;1  design  aid  and  allow  competing  designs  to  be  compared 
:«•?  r«-  the  expensive  process  of  prototype  production  begins.  A  computer 
wo.  id  also  allow  the  vehicle  parameters  to  be  changed  very  easily 
»r.g  t  :»»  iesijn  optimised  for  given  criteria.  The  mam  areas  of  interest 

*  r  t mosh  i  m  pa  st  ion  are  vehicle  ride,  loading  and  motion  of  the 

.  mjHfients,  irui  the  track  tension  which  not  only  has  an 

. : \f-  rfaf.f  if  if.j  >n  t  r.i«k  wear,  it  also  has  t  cons  ivler  ab  le  influence  on 

*  f.e  i  •“  .p\  tis«*  i  n  i**neral. 
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Previous  work  on  tracks  is  most ly  confined  to  the  classic  kinematic 
analysis  of  a  roller  chain  passing  around  fixed  sprockets  (1),  and 
more  recently  to  the  consequences  of  this  “polygonal  action"  in  terms 
of  such  problems  as  noise  and  vibration  (2).  More  recently  3tlll 
(3)  this  work  has  been  extended  to  a  study  of  the  dynamics  of  the  top 
run  of  a  tank  track,  but  the  track  is  held  above  the  ground  and  passes 
over  fixed  axis  sprockets. 

By  contrast  the  motion  of  the  track  or  "chain"  of  a  real  tracked  vehicle 
is  very  different  and  much  more  complex  because: 

a.  Torque  is  applied  through  a  sprocket  which  move:,  with  the 
vehicle . 

b.  The  load  is  distributed  in  an  indeterminate  manner  along  a 
finite  length  of  essentially  stationary  trac1-  in  contact  with  the 
ground. 

c.  The  track  inertia  is  a  significant  fraction  of  the  system 
inertia,  and  its  motion  is  very  non-linear. 

J.  There  is  significant  coulomb  friction  between  adjacent  track 
links. 

It  is  clear,  then,  that  whilst  the  previous  work  has  produced  useful 
results,  the  analysis  has  not  yet  reached  the  stage  where  it  is  directly 
applicable  to  a  tracked  vehicle  computer  oxide  1  .  The  model  described  in 
Section  2  therefore  makes  some  simplifying  assumptions,  and  a  parallel 
programme  of  more  detailed  work  is  in  progress  to  investigate  real  track 
dynamics  (4) . 

2.  COMPUTER  SIMULATION 


The  ncputcr  simulation  comprises  a  main  program  which  solves  the 
differential  equations  of  motion  describing  the  vehicle  response,  a  data 
file  describing  the  vehicle,  a  terrain  file  which  describes  the  ground 
iver  which  the  vehicle  is  to  be  run,  and  a  number  of  sub-programs  which 
can  be  selected  according  to  the  output  required. 

2_.  1  Main  Program  for  the  Model. 

The  vehicle  is  modelled  in  side  elevation  only,  giving  3  degrees  of 
freedom  for  the  hull  (one  each  for  pitch,  bounce  and  longitudinal  motion), 
and  one  for  each  road  wheel  (typically  5,  6  or  7).  The  hull  and  parallel 
suspension  links  are  assumed  to  be  rigid.  The  suspension  compliances 
include  the  main  spring  element  (most  commonly  torsion  bar  or  hydro¬ 
pneumatic)  ,  bump  and  rebound  stops,  and  road  wheel  tyre  stiffness. 

Fri'tion  is  included  at  all  wheel  stations,  and  damping  is  included  at 
those  wheel  stations  where  damper  units  are  fitted  (comsionly  front  and 
rear  only) . 

As  noted  in  Section  1  the  vehicle  track  is  an  area  of  uncertainty  and 
difficulty.  For  the  model  described  the  track  is  considered  as  a  light 
string  with  an  exponential  elastic  characteristic  (measured  from  an 
initial  fitted  tension)  due  to  catenary  effects.  A  portion  of  the  actual 
tracx  mass  is  added  lo  the  model  sprung  mass.  During  operation  the  track 


r»:.- . , ,  «n  i isj.  iro*»d  to  be  •  r..:tant  from  »  hr  t  jht  sui»-  of  *  h«'  drive 
.  I  t  ■  k**t  i.whi*  h  may  ie  it  tin*  front  .  t  m  .u  of  tin*  vehi<  Ip)  t  u  ri  joint 

itfly  s*:  ?r-*nt  •  d  t  •  m  »r  7o.nl  wheel  wh  1 1  h  is  m  •  unt  -if  f  with  t  he 
:r  ,  t  i  ••  i.  u-.ed  ».  !<•  r«*.v-.»*  ir  »•  {  *a  1  steps,  one  for 

. :  »:-*■«•  i  :T  •  ,:;d  .  »■  f,  vil.r  f  the  tension  a?  the  shvK 

■  i  ♦  ♦  r.#  j  i  oki-t  .  :*.<  v  •  ■  * . , .  it-  :ik>  i«  •  I  may  be  *’.li  ivpn"  with  -i  .oriMant 

.■i  - .  *  ♦  i  ;  ,•  i  i -t  i  t  .  i  I  in  j  r  e s  i st  am  e  f  oi  <it  a 

.••n  ;  i  v  .  r,  .tant  sj  **«•>:.  Win  j s  ir.  haul  to  enable  sprocket  torque  or 

j  :  t  r  f  1  if.  t ..  \  -«■  .s«‘  i  ♦  .  •  dr  i  v»*  t  hr  mode  1  . 

a. i*:.  \  real  venid  **  traverses  .  n-ss  i  \njnt  ry  tprrflin  surh  that  the  pitch 

f*.  ;  y  .  **xi  ited,  i?  is  not  uncommon  to  find  that  the  front  lower 
lei  ring  f  the  hui  1  strikes  the*  ground.  This  occurrence  i&  monitored 

;  .*.  the  jr—jra.T.  fur  t  ;  «  rr»*  i»  •  I  and  may  he  displayed  as  part  of  the  output, 

:  .t  sm  e  th.*  h.l]  i*.  ass  to  ;.**  n^ui,  grounding  forces  cannot  ho 

a  I  .luted  and  hence  are  not  included  in  the  equations  of  motion. 

The  ji  >11  air.  solves  t  h»*  differential  equations  of  motion  si  mu  1  f  aneotis  1  y 
a-inr  i  f  ic.r  t  h-or  d«*i  H-inqe-Kittu  technique.  Because  of  the  "stiff" 

-.utv.ir  .  t  •  he  equ-it  i<  u.s  l  nst  ab »  1  1 1 1  **s  <  ar.  arise  with  t  He*  higher 

ier.va*  ;  ves  relit  ;  r.g  *  •  t  hr  smaller  masses.  If  displacement  only  is  of 

t  this  instability  ;s  less  lrrgvirtant  since  the  double  integration 
a  ••  i  ini  t  i  cant  filtering  effect.  However,  for  nee  K  rat  ions  ,  and 
*  a  lesser  extent  for  velocities,  t  lie  instability  may  lead  to 

ept  a:  1 »  errors.  Decreasing  the  integration  step  length  ultimately 
...  lv«*s  the  problem  tut  can  lead  to  very  long  computer  run  t  lines,  and  so 
■  i  .mi  .af  le  step  enqtfi  has  teen  introduced  info  the  Runge-Kutta  routine, 
hr.  i  -  jencrally  takes  coarse  steps  where  the  rates  of  change  of  the*  higher 
i*  r  iv.it  ives  ire  slw  and  finer  steps  where  the  rates  of  change  are  high, 
thus  giving  rood  accuracy  with  reasonable  computer  run  times.  Experience 
•'.as  also  taught  us  those  areas  of  the  system  which  are  sensitive  to 
the?  i  errors  and  what  local  error  formulation  is  t*.*st  suited  to  the 

The  pro  it  am  is  written  in  nwxlular  form  thus  allowing  easy  modification 
to  suit  particular  real  cases.  The  results  discussed  in  Section  4 
ir«*  derived  from  a  number  of  variants  of  the  basic  program. 

..  .  ..  Vefii'  le  Data  File. 

A  considerable  amount  of  detailed  data  is  needed  to  describe  the  vehicle 
•  d  for  the  model.  This  data  comprises: 

a.  ;.•}  i  *ng  and  unsprung  masses,  and  a  factor  to  allow  for 
k M*  ir.<)  masses  dependent  on  the  gear  in  use. 

b.  Moments  of  inertia. 

1  jBifj  1  e  t  e  vehicle  dimensions,  geometry  and  initial  conditions. 

J.  Du sponsion  compliances,  fret  urn  and  damping  characteristics. 


Roiling  resistance  characteristic  . 
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IHqiending  on  the  nature  of  the  vehicle  the  data  may  be  constants,  or 
algebraic  or  tabulated  functions  which  are  evaluated  or  interpolated  as 
necessary.  A  sub-program  allows  easy  display  and  modifications  of  the 
current  data  file. 

.  .  1  Terrain  D  _at  a_  File  . 

The  terrain  is  recorded  as  a  series  of  vertical  co-ordinates  at  uniform 
hoi  uontal  intervals.  The  program  Joins  these  points  by  straight  line 
segment  s .  Experience  has  shown  that  there  is  little  to  be  gained  by 
using  a  horizontal  Interval  of  less  than  one  third  road  wheel  radius. 

The  effect  of  the  finite  wheel  size  -  ground  profile  geometry  is  * 
fully  into  account,  but  the  ground  is  assumed  to  lie  rigid. 

A  library  of  terrain  profiles  is  available  Including  flat  (round  used  to 
heck  equilibrium  and  steac'.  state  positions,  simple  obstv  les  such 
is  t amps  and  steps  which  are  easy  to  make  and  use  for  real  vehicle 
testing  and  which  form  useful  standards  for  comparative  purposes, 
synthetic  random  courses,  and  representations  of  real  “random"  course 
which  have  been  surveyed. 

2 . 4  Output  Sub-Programs . 

The  program  is  capable  of  giving  as  output  any  of  the  calculated  forces 
or  moments,  any  of  the  displacements  (or  first  or  second  derivatives) 
of  any  motion  cor  respond ing  to  each  of  the  degrees  of  freedom,  albebraic 
functions  of  these  such  as  various  relative  motions,  and  indicators 
i  orresponding  to  hull  grounding,  bump  stop  action,  and  so  on.  Any 
of  these  variables  can  be  plotted  as  a  function  of  any  other,  or  as  a 
function  of  time.  For  terrain  crossing  it  ha3  been  found  convenient  to 
use  horizontal  displacement  of  the  hull  mass  centre  as  th-  .idependent 
variable. 

3  ■  EXPKR I MENTAL  MEASUREMENTS 

It  is  most  important  that  all  computer  models  are  validated  against  field 
measurements  as  thoroughly  as  possible.  To  this  end  the  model  described 
in  Section  2  has  been  used  to  predict  various  aspects  of  the  responses 
of  three  particular  real  vehicles.  The  vehicles  used  were: 

a.  A  Chieftain  Mk  VP  Main  Hattie  Tank  over  flat  ground  and  ramps. 

b.  A  Suspension  Research  Vehicle  running  over  flat  ground, 
ramps,  sinewaves  and  a  200m  random  course. 

c.  A  model  tracked  vehicle  of  approximately  one-eight  full 
scale . 

These  three  vehicles  are  shown  In  Fig  1. 

Further  details  of  the  vehicles  and  the  instrumentation  used  to  record 
the  various  motions  is  described  more  fully  in  Sections  3.1,  3.2  and 
1 . U .  Same  of  the  results  of  the  trials  are  shown  and  discussed  in 
Sect  ion  4 . 


iut'  furtne  i  v-ii  i-i.it  ion  d  *  hr  model  has  been  jHiSsilih1  from  work  ‘ion** 

KMi':  t-'i  Hoist  man  befen.  e  Systoms  of  Hath  on  their  rotary  damper 
.  t  .  ,ornr  result  fr*m  this  work  ate  also  shown  in  Section  J  . 

!  aspens i on  Research  Vehicle  Trials. 

i  :•  v«*hi*  1  »■  was  made  available  specifically  for  this  work,  and  has  been 
*  ted  with  a  range  of  transducers.  These  include: 

a.  spr  _»<.  kr*  hub  units  to  live  sprocket  speed  and  torque. 

:  .  Hu .  1  and  suspension  accelerometer^. 

«•.  TcrsK'n  fat  strain  gauges. 

*1 .  burnt  w  pressure*  gauges. 

.nslderutle  amount  >f  data  has  been  collected  for  this  vehicle. 

..  :  ,  ;c  1 t  a  i IT  l  a  *  s  . 

is  vchi  2**  was  not  under  the  authors'  control  and  hence  only 
st  r  .runt  it  i  wru-.’h  ~ouk!  be  fitted  easily  and  removed  without 

ii  f  i'  at  it.  v  tn»  vehicle  was  {xjssible.  This  was  primarily 

♦.let  unetert;  fitted  to  t  h»  front  and  rear  of  the*  hull.  The  weighted 
.  ind  difference  of  these  signals  then  gave  mass  centre  flounce  and 

•  r.  e  e  1  er  at  it  ns  respectively.  Cme  film  taken  at  b4  frames/ .second 
t-  ind  tj  .'/■  »-xt  r**r»'l  >•  usef  jJ  for  juaiitative  analysis  and  for 

j jest  m  i  re  is. ns  f  r  otherwise  unexplained  features  on  the 
*• ;  <o  ometri  recordings.  The  film  included  a  calibrated  clock,  but 
ter.pt  s  to  measure  displacements  by  examination  of  consecutive  frames 
only  partially  successful.  Runs  were  completed  at  three . di f ferent 

•  •  ir,  iriJ  at  t  wc  different  values  of  initial  track  tension  (5)  . 

r*  recently  a  spare  track  link  has  been  reduced  in  section  and  strain 
*:ei  so  t fiat  track  tension  could  be  measured  around  the  track  circuit 
The  connections  tu  the  strain  gauges  are  by  flying  leads  and  hence 
iat e ,  only  slow  speed,  straight  line,  flat  ground  runs  have  been 
ssi tie.  The  results  obtained  show  that  measurement  of  track  tension  by 
is  method  i:.  perfectly  feasible,  and  the  work  is  continuing.  A 
lenetry  system  is  being  developed  and  will  be  incorporated  in  the  body 
• h*  track  link,  and  will  transmit  to  an  aerial  attached  to  the  hull. 

era  hi  jf.f  f.  .  ale  Model 

a  use  of  t  fie  bvious  difficulty  in  handling  and  modifying  any  full 
tracked  vehicle,  a  model  was  designed,  built  and  tested  (7).  It 
•u  r.^t  represent  any  particular  full  scale  vehicle,  but  can  be 
i  *  t  led  •  *  a  • . ;  i  y  t.  represent  a  wide  range  of  possible  vt-hicles.  The 

•  *<  model  is  Jnvrf;  by  an  integral  electric  motor  having  an  umbilical 

•  l  to  i  ■.  opt.  i  st  i  at  e.l  -ontrol  system  allowing  either  speed  or  torque 
n*  r  ■„  1  .  As  yet  it  has  n* »  steer  in  j  mechanism. 


A.  .  e  lerometers  are  fitted  to  the  hull,  and  [xilent  lumeteis  are  fitted  i 
t  lit*  wheel  arm  axles.  A  selected  link  has  been  modified  to  a  1  1  ow 
measurement  of  track  tension.  Appropriate  pick  up  points  in  the  i  ,i 
>nt  rol  unit  allow  siqn.ils  to  lie  recorded  which  can  tie  caliluat 
against  sprocket  speed  and  torque.  At  present  only  fir e  1  imi na ry  res  * 
are  available,  hut  the  system  shows  every  indication  of  being  an 
extremely  useful  validating  tool.  In  particular  it  will  allow  the 
onputer  model  to  1m*  validated  for  operat  mg  condit ions  beyond  those 
currently  ex|>erienced  t>y  the  full  '■  ale  vehicles. 


4  .  TYP  1C  A!,  H  ES  Ul.TS 

This  section  shows  some  typical  results  from  work  done  over  a  period  of 
several  years.  During  this  period  the  omputei  model  underwent 
continuous  develofxnent  to  suit  the  various  requi  rement  s . 

licet  ion  4.1  compares  some  computer  model  and  field  trials  results  K 
illustrate  the  degree  to  which  the  model  agrees  with  t  fie  real  vehicle 
it  represents. 

Section  4.i  shows  some  results  from  computer  models  used  to  compare 
different  suspensions  and  changes  to  the  vehicle  layout. 

Section  4 .  .1  shows  the  results  of  work  done  to  support  assessment  of  the 
performance  of  a  rotary  damper  unit. 

4_.  1  Computer  Modal  Validation 

The  earliest  work  in  this  connection  used  the  Suspension  Research  Vehicle 
Fig  1  (a),  running  over  test  ramps.  The  vehicle  has  four  road  wheels  on 

trailing  arms  with  torsion  bars  and  tubes.  Figs  2  and  i  show  the  front 
wheel  arm  angle  relative  to  the  hull,  and  the  hull  pitch  angle 
respectively.  The  computed  and  measured  results  show  generally  good 
agreement,  although  .t  is  noted  that  the  real  vehicle  appears  to  have  a 
lower  pitch  frequency  than  the  computer  model  vehicle.  It  is  believed 
that  this  may  be  due  to  the  fitted  track  tension  tending  to  lift  the 
end  road  wheel  stations,  thus  reducing  the  contribution  which  their 
torsion  bars  make  to  the  pitch  stiffness.  The  computer  model  should  take 
account  of  this  if  the  track  characteristics  are  correctly  assessed,  and 
this  is  still  being  investigated.  A  further  difficulty  Is  that  the 
vehicle  pitch  moment  of  inertia  and  mass  centre  position  are  seldom  known 
accurate ly . 

Fig  4  shows  SRVi  traversing  part  of  a  random  course.  The  real  vehicle 
speed  of  2.4  m/s  was  the  fastest  that  could  be  sustained  over  what  is 
a  very  severe  course.  Again  the  agreement  in  terms  of  hull  pitch  angle  l 
seen  to  be  good  in  respect  of  both  amplitude  and  frequency. 

Fig  j  shows  some  results  for  a  Chieftain  Main  Battle  Tank,  Fig  1  (b) . 

This  vehicle  has  six  road  wheels,  interconnected  in  pairs  with  wheels 
mounted  alternatively  on  leading  and  trailing  arms.  A  nest  of  coil 
springs  is  fitted  between  wheel  pairs.  The  computed  and  measured 
acceleration  levels  for  vertical  motion  of  the  mass  centre  agree  well. 

Fig  l,  shows  the  displacement  of  all  six  wheels  together  with  the  mass 
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•  :.t  i  e  vi'it  kj',  displacement  and  pitch  angle.  The  wheel  displacement 
•i  lies  atsi  show  where  the  rebound  stop  was  active.  photographic 
lev.  rdmj  of  the  field  trial  ijave  extremely  good  qualitative  agreement, 

■  •.pe.  lally  where  t  lie  road  wheels  are  clear  of  the  ground  and  are 
■  pp  r  t  ed  either  hy  the  rebound  stop  or  by  the  track. 

hi  :s  "  and  ;•  show  same  preliminary  results  from  the  scale  model  vehicle, 

Pi }  1  (ci.  This  vehicle  has  six  road  wheels  mounted  on  trailing  arms, 
with  u  il  spr  IMS  between  the  wheel  arms  and  the  hull.  The  measured 
i  ohi'latiin  signals  shown  in  Fig  V  have  been  filtered  at  approximately 
i  ii.  to  remove  -tin.  'Lara!  vibration  responses.  The  model  speed  of 
t  .  *  n  s  s  ill's  t.  a  full  si:*'  vehicle  speed  of  approximately  C  m/s, 
i.’.i  the  repeated  r  am;  ••  scale  to  n.d  m,  thus  representing  a  very  severe 
i  adit  iv-n.  The  general  shapes  of  the  measured  and  computed  accelerations 
it.  i  wheel  arm  an  lies  are  in  good  agreement,  although  the  results  from 
the  fr  r.t  wt.ee.  station  suggest  that  the  computer  model  Includes  too 
n.  h  hair,:  mi  or  ft  ic  tier..  Furt'-er  studies  with  the  scale  model  are  In 
:  r  a  j  r  •  •  s  >. . 

Computer  Predictions 

A  wide  r  ih  ;e  .  t  predictions  nave  bee.u  made.  Fig  ')  shows  one  such  example 
..rteuy  of  Vickers  be  fence  dysteras,  for  a  light  tracked  vehicle,  which 
■mq  ares  two  different  suspension  systems.  The  vehicle  is  traversing 
i  i  series  of  r.  smewuves  at  1  m  s,  and  hull  acceleration  and  front 

w.ei  i  dis;  lavement  are  used  as  the  comparison  criterion.  The  improvement 
tf-  reJ  1  'j  the  particular  Hydrogas  system  over  the  torsion  bar  system  is 
.early  evident,  but  it  should  l>e  noted  that  the  systems  represent  two 
very  different  bull  i  standards;  in  particular  the  wheel  travel  and 
him;  ir. ;  an  :  _t  the  came  for  each  system.  The  compiarison  is  not  intended 
•  imj  ly  that  Hylr.ipis  suspensions  in  general  are  better  than  torsion  bar 
'•.spin  :.g,s.  It  is  not  {xjssible  to  state  how  accurate  the  predicted 
.eve;  >  i;e,  i  .*  the  previous  validat  ion  of  the  computer  model  allows  the 
•w  t  !•  tanked  with  confidence. 

A-  ;,t  iVcJ  ear  .et  the  tr.uk  plays  an  important  role  in  determining  the 
i.  le  respav  c  t  terrain  disturbance.  This  is  particularly  true  in 
heavy  u  i  ii  i .  Pi  ;  lo  stiows  the  effect  of  front  and  rear  drive  sprocket  on 
;  .1  .  Whet,  the  drive  is  at  the  rear,  the  vehicle  assumes  a 

‘.j  ly  i  e  sp  [.sc  on  flat  ground  of  about  /  degrees,  nose  up,  and 
1  -  a  ;  .cut  i  it  response  to  the  disturbance  is  increased.  When  the  drive 

.  J  it  t  he  *  t  r.t  tins  effect  is  negligible. 

i .  •  .  t  irv  camper  Per formance 

fo  a.ru'Ve  •  :.e  required  level  of  damping  on  tracked  vehicles  results  in 
I f.  danger  j  a  is  arid  a  high  rate  of  heat  generation.  The  concept  of  a 
r  tar.  lumper  tilted  to  t  lie  hull  at  the  wheel  arm  pivot  is  an  attractive 
ump.h  t  ■■  1  ,!  i  n.  Fig  11  shows  some  predictions  for  wheel  arm  angle, 
wheel  art:,  art  iular  velocity  and  dangier  torque  for  a  rotary  damper  fitted 
’  i  :  t  t  t.v  x  ed  vehicle,  (courtesy  ilortsman  Defence  Systems)  .  At  the 
.  w.  r  ..pee:  :  .  .  .'d  m  n  tfie  action  of  the  "blow-off"  valves  in  t  tie 
♦w.  nr."  'i  to  limit  thw  damper  torques  is  clearly  evident. 

At  t  (,i  t.i  ;:.er  sj.ee  1  of  a.  <1  m,  s  the  wheel  arm  angular  velocity,  and  hence 


s 
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the  damf.>er  fluid  flow  rate,  are  such  that  the  dumper  is  operating  un  t  tie 
I. low-off  valve  characteristic  and  very  larje  torques  can  now  l  <•  generated. 
It  should  be  noted,  fiowever  ,  th.iv  the  obstacle  is  rattier  abrupt  and  tdrat 
hiih  angular  velocities  are  to  Lie  expected.  hven  ,  the  predicted 
velocities  are  somewhat  higher  than  those  reported  by  Hoitsman  Defence 
Systems,  and  this  difference  is  being  investigated.  Measured  pressures  on 
the  real  dampier  show  lags  at  the  blow-off  pressure  and  in  the  tran  . "  ion 
from  positive  to  negative  velocity;  this  opens  up  the  possibi  1 1 ty  <-' 
fre  jjency  dependent  damping.  These  lags  are  not  shown  in  this  parti  .iar 
predict  ion . 


V.  CONCLUSIONS 

The  validation  work  described  and  the  results  obtained  show  clearly  that 
computer  modelling  of  tracked  vehicles  can  be  quite  accurate,  and  an 
extremely  useful  design  tool  for  investigating  competing  designs  and 
the  effects  of  design  modifications. 

"he  particular  model  develop'd  is  flexible  and  easy  to  us  .  The  modular 
structure  of  the  program  allows  easy  modifications  to  accept  different 
vehicle  configurations,  and  to  output  a  wide  ranqe  of  predicted  responses. 

The  model  also  allows  further  development  and  adaption  to  new  problems, 
in  particular  investigation  of  the  vehicle  response  to  firing  its  guns 

The  model  described  in  this  report  and  a  transmission  simulation  :  >del 
!l  1  are  being  combined  to  give  a  more  realistic  vehicle  model  whi.h  can 
respond  to  engine  throttle  and  gear  change  demands  as  well  as  to  ground 
prof  lies. 


Machine  Design, 


1.  MORRISON  R  A  Polygonal  Action  in  Chain  Drives. 
Soft  l'*h.. 


fAWTTT  N  ind  NICUL  S  W.  The  Influence  of  Lubrication  on 
Toot h-Rol ler  Impacts  in  Chain  Drives.  Proc  Inst  Mech  Engrs,  1 91 , 

1*1),  '0*77  ,  ;  7  1  -r  . 

i,  FAWCETT  .1  N  and  ROBERTSON  B.  Dynamic  Behaviour  of  Tank  Tracks. 
Final  Report  under  MOP  contract  *043*057,  MVEE,  Chertsey,  Surrey, 

,'une  1  *m  1  . 

1.  FARMILo  B.  Vehic  le  Track  Dynamics:  The  Prediction  of  Track  Link 
Kinematics  by  Computet  Simulation.  Royal  Military  College  of  Science, 
ahrivenn.un,  Swindon,  Wilts,  Tech  Note  MD/TM  7r>. 

FARM  1 1  i- .  '.'npiiol  ished  work. 

i  wAl.KFR  A.  A.  Measurement  of  Tracked  Vehicle  Track  Tension. 

|’r.'  pet  Report  *'6  .June  ft).  Royal  Military  College  of  Science, 
Shriven:. am,  Swindon,  Wilts. 

HARK.,  p.  The  Construction  and  Testing  of  a  Model  for  Track  and 
Suspeus ion  Analysis.  MSc  Project  Report  11  MVT/2,  Sept  1983,  Royal 
Military  College  of  Science,  Shrlvenham,  Swindon,  Wilts. 

BENNETT  M  D  and  PENNY  P  H  G  P.  Computer  Simulation  of  Vehicle  Gun 
C  t  at  lilt  y .  Royal  Military  College  of  Science,  Shrlvenham,  Swindon ,Wi Its 
Teen  Site  MD,  II,  March  1983. 

■.  BENNETT  M  D  and  PENNY  P  H  G  P.  Computer  Simulation  of  Vehicle-Gun 
futility.  A  Comparison  between  two  Light  Vehicles.  Royal  Military 
lie:,.  •;  leme,  Shrlvenham,  Swindon,  Wilts.  Tech  Note  MD/20,  July 
!*:<•. 


\'i.  PENNY  F  H  G  P  and  BENNETT  M  D.  Tracked  Vehicle  Performance  Using 
i  Simp.t  Computer  Simulation  Model.  Royal  Military  College  of  Science, 
Jhr iveunam,  Swindon,  Wilts.  Tech  Note  MD/1S,  June  1983. 


8 


Fig  L  HUU  PITCH  ANGLE  (SR  V  3  ) 
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HULL  FRONT  -COMPUTED 


HULL  REAR  -  MEASURED 
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p'fl  7  comparison  between  measured  and  computed 

HULL  ACCELERATION  AT  MODEL  SPEED  OF  19  m/s 
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Fig.  8  COMPARISON  BETWEEN  MEASURED  AND  COMPUTED 
WHEEL  ARM  ANGLES  AT  MODEL  SPEED  OF  I  9  m/s 
(ANGLES  ARE  SHOWN  RELATIVE  TO  ARM  EQUALIBRIUM 
POSITION) 
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Hull  acceleration 


Fig  9  COMPUTER  COMPARISON  BETWEEN  TORSION 

BAR  ANO  HYDROGAS  TRAILING  ARM  SUSPENSIONS 
ON  16  TONNE  TRACKED  VEHICLE  TRAVERSING 
7  m  SINE  WAVES  AT  10  m/s 
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ABSTRACT 

The'  results  from  simple  ride  vibration  models  of  off-road  vehicles  are 
examined  ir.  terms  of  natural  frequencies,  mode  shapes,  frequency  response 
and  response  to  lealistlc  ground  inputs. 

Despite  the  limitations  of  such  models  inherent  in  the  assumptions.  It  is 
concluded  >  hat  they  provide  designers  with  useful  information  about  the 
dominant  features  of  vehicle  ride  response. 


1  .  INTRODUCTION 

Ttie  background  to  the  off-road  vehicle  ride  problem  is  well  documented 
and  understood.  Reviews  of  relevant  work  on  the  topic  appear  at 
intervals  and  re-emphasise  the  effects  of  poor  ride  behaviour,  e.g. 

■pa*  rat  ■  r  discomfort,  spinal  injuries,  limiting  of  operating  speed,  pre- 
mat  .re  fatigue  failures,  etc.  Agricultural  tractors  often  lead  the 
list  f  vehicles  which  transmit  high  acceleration  levels  to  the  operator 
"i  thet  cargoM,  but  there  are  plenty  of  other  examples  in  the  earth- 
>  vmg,  forestry  and  military  industries. 

In  ler.etal,  r  here  an*  only  three  methods  of  isolating  the  operator:  by 
.jspenii:,  i  his  seat,  the  cabin  or  the  whole  vehicle.  Again,  the  merits 
ar.  !  i;  .  ivant  ages  of  each  of  these  systems  has  been  thoroughly  discussed. 
In  jta.tice,  the  major  factor  in  selecting  one  of  these  systems  is  cost, 
sc  that  agricultural  tractors  are  universally  equipped  with  a  seat  sus- 
i*’nM  r. ,  whereas  military  vehicles  have  axle  suspensions,  often  of  a 
?■*.;  hi  st  i rated  design. 

A  iesi  (r.er  ought  to  know  something  about  the  ride  behaviour  of  his  vehicle 
at  tne  lesign  stage.  Consequently,  much  effort  has  been  invested  in 
level  oping  mathematical  models  to  predict  ride  behaviour.  However,  there 
a; pears  to  be  a  gap  between  the  sometlmi  s  very  sophisticated  models  that 
have  been  developed  and  their  transformat  ion  into  useful  design  infor¬ 
mation.  Certainly,  such  models  have  limitations,  in  particular,  because 
the  precise  nature  of  the  tyre/ground  interaction  and  the  resulting 
vibrational  response  is  not  understood.  But  despite  this,  even  simple 
vehicle  models  do  indicate  the  primary  features  of  the  ride  response. 

The  object  of  this  pap,er  is  to  try  and  exploit  the  results  obtained  from 
sim(  It*  vehicle  models  and  examine  whether  they  lead  to  design  guidelines. 
Three  vehicles  are  studied: 

1,  a  ' - 1  agricultural  tractor 

•i  a  ’t  off-road  transport  vehicle,  unladen 
'  a  t  off -road  t  ransjxjrt  vehicle  with  a  ‘>t  payload. 


X  |x 


The  model  restricts  root  ion  to  the  symmetry  plane  of  the  vehicle  giving 
three  degrees  of  fieedom,  namely  vertical  (z),  pitch  (P),  and  :  mgi'udina! 
.x)  t see  Fig.  2'.  This  restriction  simplifies  the  equations  of  motion 
and  the  inputs  are  reduced  from  four  wheels  to  two,  front  and  rear,  but 
it  has  the  disadvantage  of  neglecting  lateral  and  roll  motion.  These 
directions  are  obviously  important  in  practical  terms,  but  they  usually 
tank  as  secondary  aspect s  of  behaviour  compared  with  the  bounce,  pitch 
and  longitudinal  directions. 

2.  NOTATION 

c  damping  coefficient,  kNsec/m 

C  matrix  of  damping  terms  (n  x  n) 

f  frequency,  Hz 

i.  ground  roughness  coefficient 

Hiu]  frequency  response  function 

k  stiffness  coefficient  kN/m 

K  matrix  of  stiffness  terms  (n  x  n) 

I  vehicle  wheelbase,  m 

m  number  of  inputs 

M  matrix  of  masses  and  inertias  (n  x  n) 

n  number  of  degrees  of  freedom 

5  ill'  displacement  spectral  density  of  variable  x,  m1 /(cycle/m) 

ft  displacement  spectral  density  of  variable  x,  m1 /Hz 

S-ift  acceleration  spectral  density  of  variable  x,  (m/sec* )J/Hz 

^  input  vector,  dimension  m 

t’l  ,U2  matrices  relating  input  displacement  and  rate  of  change  of 
displacement  to  vehicle  motion  (n  x  ml 
V  vehicle  speed,  m/sec 

state  vector,  dimension  n 

forward  distance  from  vehicle  centre  of  mass 
z  downward  direction 

Z  downward  distance  from  vehicle  centre  of  mass 

6  pitch  coordinate 

c  root  mean  square 

w  frequency,  rad/sec 

II  wave  number,  cycles/m 

•  :uf flees:  F  front  axle 

R  rear  axle 

S  seat  (when  applied  to  X ,  Z) 

suspension  (when  applied  to  k, C  ) 
x  input  variable 
y  output  variable 

3.  TYRE/GROUND  INTERACTION 

Little  work  has  been  done  on  the  vibrational  characteristics  of  off-road 
tyres,  either  on  or  off  road,  but  a  review  of  current  knowledge  appears 
in  11).  The  particular  problems  relating  to  this  field  are: 

(a)  diversity  of  off-road  tyres 

(b)  non-linear  tyre  characteristics 

(c)  the  need  to  consider  longitudinal  as  well  as  vertical 
tyre/ground  forces 

the  deformable  nature  of  off-road  surfaces. 


(d) 
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of  t  ho  many  tyro  mo  ids  which  have  been  propose  i  t  ho  simplest  is  the  [xjtnt 
contact  model  iKiq.  la*  vliuli  has  born  used  extensively  in  on-road  vehicle 
dynamics.  Its  use,  however,  needs  careful  consideration  since  it  over¬ 
emphasises  the  effect  of  any  hi<*h  frequency  components  in  the  surface 
over  which  it  travels.  Foi  off-road  surfaces  containing  sharp  irregu¬ 
larities  the  [>oH)t  contact  model  is  inadequate  but  may  be  modified  to 
filter  out  higher  f re>|urnciesi  examples  are  the  fixed  footprint  and 
rigid  treadband  itkxiel*.  (Figs,  lb,  c)  .  Output  from  these  models  is 
ejuivalent  to  that  from  a  point  contact  model  traversing  an  appropriately 
: moo t hed  Mirface.  Off-road  surfaces  also  give  rise  to  significant  long¬ 
itudinal  forces  at  the  tyre,  for  which  the  above  models  are  inadequate. 

The  radial  spring  model  (Fig.  Id! ,  of  which  there  are  various  forms,  goes 
some  way  towards  predicting  these  forces,  and  if  tangential  components 
ate  included  :t  has  the  potential  to  model  interaction  between  a  tyre  and 
a  leformable  surface. 

In  the  frequency  domain  idealised  surfaces  decrease  in  displacement  ampli¬ 
tude-  and  increase  in  acceleration  amplitude  as  frequency  increases.  The 
filtering  effect  of  tyres  on  luqh  frequencies  can  be  formulated  in  a  tyre 
enveloping  function  (Fig.  le!  applied  to  the  ground  input  spectrum,  al¬ 
though  the  exact,  form  of  such  a  function  is  open  to  question.  However, 
the  frequency  response  of  the  vehicle  itself,  which  decreases  rapidly 
with  increasing  frequency,  acts  as  an  effective  filter  when  considering 
vehicle  accclerat ion  levels,  and  for  this  reason  the  point  contact  model 
may  not  be  as  inadequate  as  is  commonly  imagined. 

4.  THEORETICAL  BACKGROUND 
■1 .  1  Linearisation  of  Models 

When  predicting  vehicle  natural  frequencies  and  modes  of  vibration  the 
tyres  are  treated  us  linear  damped  springs  in  both  the  vertical  and  long¬ 
itudinal  directions.  However,  longitudinal  components  of  ground  input 
will  Le  neglected.  These  have  only  a  secondary  effect  and  difficulties 
still  exist  in  describing  their  relationship  with  the  vertical  components. 

For  motion  testricted  to  small  excursions  from  steady  state  values,  and 
for  tyies  and  suspensions  treated  as  linear  spring/damper  combinations, 
the  equations  of  motion  of  the  vehicle  assume  a  linear  form 

Mx  *  Ox  ♦  Kx  -  U1  u  ♦  U2  u  (1) 

where  x  is  the  state  vector  of  dimension  equal  to  the  number  of  degrees  of 
freedom,  t  ;  and  u  is  the  input  vector  of  dimension  equal  to  the  number  of 
inputs,  m.  M,  C  and  K  denote  respectively  the  mass,  damping  and  stiff¬ 
ness  matrices;  111  and  U2  are  matrices  relating  input  displacement  and 
rate  of  change  of  displacement  to  the  vehicle  motion. 

Eguaf ion  ill  may  be  transformed  into  a  first  order  system  of 
dimension  2n  in  the  form 

A£  ♦  Hy  -  Cv  *  Civ  ( .’ ) 

1 . .  Natural  Frequencies  and  Modes  of  Vibration 

The  n  natural  frequencies  of  the  vehicle  may  be  obtained  from  the  eigen¬ 
values  of  the  matrix  A  B,  with  A  and  b  defined  in  equation  (J).  The 
correspondin')  eigenvalues  define  n  modes  of  vibration,  each  associated 
with  a  natural  frequency.  Each  mole  may  be  visualised  as  oscillation 
about  a  point  in  the  x-/  plane.  Such  a  point  situated  In  or  very  near 
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r  in-  vrtiii  1  *  ■  J,  ti.  ■"  j  red*  mi  t  nan*  1  y  ;  :  t  ch  motion;  a  ixjint  fi  rw.ird  or 
!•«■!,  ind  t  !,*-  vchi.  ]e  ion.  t  os;  veil  uni  motion;  and  a  point  above  or  be  low 
icnotes  tomtit  u  iin.it  motion.  For  .ontrits  of  oscillation  well  away  from 
the  vein.  In  tin-  .ic  t  u.i  1  distance  is  un lmpoi t ant ;  the  direction  from  the 
oil-  then  mil.  ate.;  tin-  am.  unt  of  coupling  between  vertical  and  long- 

1  f  .1  i  1  11.1  1  TKKieS  . 


Fro  ;  n'n.  y  Hesp.  use 


Hesj^.nso  of  t  ho  vehicle  to  a  unit  displacement  input  over  a  range  of 
f  re.pienr  ms  may  lie  obtained  by  Laplace  transforming  equation  (1)  to  qlve 


.  MsJ  ♦  is  ♦  MX  .s'  (UI  ♦  Ills)  U  l  s ) 

1  3) 

uut 

a:,  i  then  substituting  s  ’  e  to  give 

X  •  .  u  -Mu'  ♦  Clw  ♦  >■  )  {(M  ♦  U2iw)U/lu) 

(4) 

I  Xilu  H  U  Viiuii 

(S) 

The  frequency  rPSjwtisc  function  H(iu>  may  then  be  calculated  over  a  ranqe 
■(  frequencies,  u. 


■i .  4  Response  to  Ground  Inputs  in  the  Frequency  Domain 

The  statistical  properties  of  many  surface  irreqular i t ies  may  be  for¬ 
mulated  in  a  lisplacement  spectral  density  function  if  the  form,  U’  1 , 

s  ifii  -  v-.  .rP  (6) 

X 

where  U  -  wave  number,  cycles/m 

3  >U)  displacement  spectral  density,  mJ  /  (c;ycle/m) 

G  <)round  rouqhness  coefficient 


Agricultural  surfaces  have  been  measured  and  found  to  be  representable 
in  this  ferm  with  t',  in  the  region  10"“*  to  10“^  131,  and  the  exponent,  p, 
tyi  ically  around  2. 


In  terms  of  frequency,  f,  the  displacement  and  acceleration  spectral 
densities  become 

S  . f )  -  V  Gf  (7) 

x 

l>..  i  f  *»  iJirf)'5  S  tfJ  -  ibi»  V  Gf2  (B) 

x  x 

where  V  *  vehicle  speed,  ra/sec 
and  f  *  Vtl,  Hr 


Output  spectral  densities  S  are  related  to  S  through  the  frequency 
response  H  and  its  complex  Conjugate  H*,  in  tfie  form 


S 

y 

where 

and 


( u )  -  H(u.  S  ( u ) 

x 

u  2*  { 

S  If)  *  2 *  S  (ui) 

y  y 


H*  (ui) 


(9) 

(10) 


Root  mean 


with  u 

max 

A  similar 


square  displacement,  a  ,  of  an  output  variable  y  is  given  by 
ui  y 

>  max 


S  ( u )  dw 

>o  y 

chosen  so  that  higher  frequencies  have  negligible  effect, 
expression  hold  for  0-  in  terms  of 

y  y  * 


(11) 
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The  spectral  density  function  is  also  used  to  measure  amplitude  it  vi- 
i  rat  ion  associated  with  given  frequencies.  Within  a  specified  bandwi  it  h 
eittier  side  of  the  frequency  of  interest  the  area  under  the  spectral 
tensity  curve  gives  mean  square  displacement  (or  acceleration)  over  tins 
bandwidth. 

When  using  a  vehicle  model  in  which  rear  wheel  input  is  equal  to  front 
wheel  input  delayed  by  1/V  seconds,  where  l  is  the  wheelbase,  then  the 
resulting  output  spectral  density  curves  exhibit  a  rippled  effect.  A 
component  in  t  lie  ground  spectium  of  wavelength  1/n  metres  <n  1,  2,  ...) 

will  result  in  the  front  and  rear  wheels  bouncing  in  phase  with  frequency 
nV  1  Hz,  with  no  contribution  in  pitch.  Components  with  wavelength 
1.  in  -  J)  metres  have  the  opposite  effect,  enhancing  pitch  at  frequencies 
n  -  4 1 V  / 1  Hz.  Tlio  effect  on  the  output  spectrum  is  seen  as  a  supet- 
wrqv'Sed  periodic  component  of  wavelength  V/l  Hz.. 

4 . '  Response  to  ciround  Input  in  the  Time  Domain 

The  equat  ions  of  motion  (1)  may  be  integrated  to  give  a  time  history  x^lti 
for  a  given  speed  and  ground  profile,  such  as  a  surface  feature  or  a 
random  profile  generated  from  a  spectral  density  function.  Time  his¬ 
tories  may  be  compared  for  different  parameter  values  but  for  the  ride 
estimation  they  are  of  limited  use,  showing  only  dominant  frequencies  and 
maximum  excursions  from  initial  conditions.  A  better  idea  of  frequency 
.intent  is  obtained  by  transforming  the  time  history  to  the  frequency 
domain  using  Fourier  analysis,  to  give  spectral  densities.  One  advantage 
of  this  method  is  that  non-linear  vehicle  equations  may  be  used  to  generate 
the  time  history,  whereas  the  methods  of  the  previous  section  require 
i  l near  equat ions . 

S.  ANALYSIS  OF  THE  UNSPRUNG  VEHICLES 

The  three  vehicles  ci.osen  fot  analysis  are:- 

i.l)  A  typical  laigo  (‘it,  CI0  kW)  four  wheel  drive  agricultural  tractor, 
i i  A  jxjssible  configuration  for  an  off-road  transport  vehicle  of 
ur  1  1 1  let.  weight,  with  a  front-mounted  cab. 

Vch:.  le  with  a  t  pay load  which  alters  the  position  of  its 

-  etit  re  f  mass  . 


Th<  I'mt  iina'e  system  and  parameter  necessary  to  describe  the  vehicle 
mexiei  are  shew:  in  Fig.  with  values  for  the  three  vehicles  given  in 
Table  l.  nlaler.  weights  and  tyre  characteristics  are  deliberately  set 
equal  t  .  fa.  il date  later  comparison  of  axle  suspensions. 

Natural  frequencies  are  given  in  Table  2  and  indicate  a  dejiendence  more 
on  weight  than  <>n  configuration.  Corresponding  centres  of  oscillation 
are  shown  in  Fig.  1.  In  each  case,  the  three  modes  are  only  weakly 
coupled;  each  can  be  identified  as  a  predora i nant ly  vertical,  pitch  or 
1  mgitudinal  mode.  The  mode  shapes  for  all  three  vehicles  are  noticeably 
similar  despite  the  apparent  georoet r l ca 1  differences. 

dime  ride  information  is  required  at  the  operator's  seat  position,  fie- 

quency  response  and  spectral  density  are  referred  to  this  |x>int.  The 

vertical  an  i  longitudinal  seat  motions  z.  and  x  ate  related  to  the 

s  s 

vcfr.idf  r(x>r  iinat  t*s  /,  0,  x  (»«»«*  Ki<j.  J )  by 
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Kit.  .  Vehicle  coordinat  e  system  and  parameters 
r.  il  •  1  e  1  'Ah  i 1  v  pa r  one  tv  r  values  (see  Fig.  2  for  symbols) 
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rfjurnLy  rc^onsi'  of  vertical  scat  motion  resulting  from  a  unit  vertical 
nput  at  t},c  front  wheel  is  shown  for  the  three  vehicles  in  Fig.  4.  Again 
♦  here  i*  ar.  overall  similarity  between  t  he  three  vehicles.  In  each  case 
he  Jo-.inar.?  responses  arise  from  the  two  lower  frequencies  associated 
i**.  vrrt  ji  ,il  and  longitudinal  motion,  with  relatively  little  contribution 
r  the  }  itch  rxxIc*.  The  difference  in  amplitude  of  the  4  to  c>  Hz  pea* 
otw»‘«r.  ?  hc‘  *ractor  'll  and  unladen  transport  vehicle  iJ)  reflects  the 
-  si*  i  r,  f  *he  associated  pitch  centre  with  resp»ect  to  the  seat.  Since 
h*  '♦*:.♦  re  *  r,  further  hor  l  zonta  1 1  y  from  the  s-*at  in  vehicle*  ,  the  ton- 
r.t  do  r.  *<  seat  vertical  motion,  fer  a  given  pitch  amplitude,  will  he 
;r*i*'-r.  The  effect  of  bading  Mu*  t  ransport  vehicle  is  to  lower  the 
•  a*  .ral  f  r»  pj**r»c  i  es  and  also  to  sharpen  the  peaks  of  the  frequency  re- 
i  re.*-,  ir.ii ■■  siting  a  reduction  in  effective  damping  arising  from  the 
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Centres  of  rotation  with  natural  frequencies  for  t  he  throe 
vehicles,  lines  indicate  ehanqe  in  {xssitlon  of  the  centres 
as  suspension  is  added,  up  to  a  value  of  k  -  ] 00  kN/m/axle 
i  -  10  kN  sec/m/axle.  F  front,  H  rear,  FK  full 
siists'ns  l  on 
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:  \l  ..  *  Natural  lri‘  juwwies  iHs)  for  the  three  degrees  of  freedom  of  the 

veh  it  le  t x ><J y .  Values  of  susj>t'nsion  stiffness,  k  ,  are  in 

kN.m/axle;  values  of  suspension  damping,  c^,  are  in  kN  sec /m/ax i o . 

Frequency  response  analysis  provides  a  useful  tool  for  estimating  the 
i  Meets  of  changing  vehicle  parameters .  New  parameter  values  are  in¬ 
serted  if.  equation  t  1  )  and  fast,  efficient  computer  routines  exist  to 
generate  natural  frequencies,  mode  shapes  and  frequency  response  curves. 

T\  t r  enables  f  he  vehicle  designer  to  quickly  build  up  a  simple  pict  ure 
_«t  t  he  vehicle  vii  rational  characteristics. 

frequency  response  to  single  inputs,  however,  cannot  predict  the  relative 
amplitudes  uf  vibration  associated  with  each  mode  under  practical  opera¬ 
ting  conditions.  A  fuller  description  of  these  requires  a  ground  input 
with  a  prescribed  amplitude  distribution  against  frequency,  applied  to 
both  front  mi  rear  wheels.  Figure  ci  shows  the  seat  vertical  accele- 
t  it  j-_.n  spectral  densities  resulting  from  equation  (  H  applied  to  an  input 
<!<  . elerat  i  u  profile  »  f  the  form  uf  equation  te)  ,  with  speed  V  *■  m/  sec 
ar.  1  roujhnt.  ss  ■;  h  ”  ’  .  The  cor  rcsq>un  t ;  n- j  r<»*  t  mean  square  and  seat 
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Table  ’  Unweighted  root  mean  square  vertical  and  longitudinal  seat 

ions  (m/sec*  )  for  vehicles  with  suspension  parameters 
k  5Uo  kN/m,  c  JO  kN  •ec/m  travelling  at  speed  V  ‘  J  m/ sec 
over  a  surface  of*  roughness  G  -  10' J. 

The  figure  indicates  the  distribution  of  this  acceleration  over  frequency 
::  such  a  way  that  the  area  under  the  curve  in  a  given  bandwidth  reprc- 
♦lu-  mean  square  seat  vertical  acceleration  over  that  bandwidth. 

•  ’***  ♦*  actor  exhibits  high  acceleration  levels  around  J.l  Hz,  corresponding 

*■-  *  be  mode  of  that  frequency;  and  at  i  to  i.S  Hz,  which  results  from  a 

/mb  t:  a  Mon  of  the  i.U  Hz  mode  and  a  component  from  the  wheelbase  effect 

Mur.  4.4)  at  f.  t  Hz.  It  is  this  effect  also  which  gives  rise  to 
*  :*f  *  r  me  i  i  at  e  pe.ik  at  afx/ut  J Hz.,  and  the  smaller  jn*aks  above  4  Hz. 

•  *  i  f  ,f  The  4  .*■  Hz.  pitch  centre  to  the  seat  results  in  a 

’■*  •*  >n’r  ibut  ion  to  >*»at  acceleration  from  this  mode. 
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1\  i  the  unladen  transport  vehicle  tile  spread  of  acceleration  over  fre- 
pionvy  is  more  noticeable,  with  a  significant  contribution  between  4  and 
'  H.- ,  since  the  pitch  centre  is  now  well  behind  the  seat.  The  effect  of 

loading  is  to  reduce  rms  acceleration  and  concent t ate  the  accelerations 
into  the  three  natural  frequencies,  especially  the  vertical  mode  at  2.1 
Hz,  which  is  enhanced  at  this  speed  by  a  peak  at  2.2  Hz  due  to  the  wheel¬ 
base  of  feet  . 

If  speed  is  varied  from  «!  m/sec  the  peaks  produced  by  the  wheelbase  effect 
move  along  the  frequency  axis  relative  to  the  stationary  peaks  due  to 
natural  frequencies.  This  will  lead  to  differing  patterns  of  acceleration 
as  these  peaks  interfere  with  each  other. 

6.  SUSPENSION  DESIGN 


To  investigate  the  effects  of  axle  suspension  on  seat  acceleration,  the 
vehicle  model  was  modified  to  include  the  suspension  elements  shown  in 
Fig.  2,  with  the  option  of  front,  rear  or  full  suspension.  Table  2 
shows  the  effect  of  the  full  suspension  on  natural  frequencies  for  three 
values  of  stiffness  and  dampmq,  namely: 


(1) 

k  - 

s 

900 

kN/m/axle , 

c  = 
s 

30 

kN 

sec/m/axle 

(11) 

k  = 

s 

400 

kN/m/axle, 

c 

s 

20 

kN 

sec /m/axle 

(ill) 

k  « 

100 

kN/m/axle , 

c  * 

10 

kN 

sec /m/axle 

s  s 


For  the  soft  suspension  (ili)  compared  with  the  unsuspended  vehicles  the 
longitudinal,  vertical  and  pitch  frequencies  are  reduced  by  factors  of 
about  2.0,  2.0  and  1.1  respectively,  independent  of  the  vehicle  type. 

This  results  in  an  approximate  doubling  in  the  separation  of  the  three 
frequencies . 

Figure  3  shows  the  effect  on  the  inodes  of  vibration  caused  by  the  three 
suspension  options.  The  patterns  for  a  single  axle  suspension  are  simi¬ 
lar  for  all  three  vehicles.  The  pitch  mode  is  affected  only  slightly, 
the  vertical  mode  moves  to  include  more  longitudinal  component,  and  the 
longitudinal  mode  moves  up  to  include  more  pitch.  For  a  suspension  on 
the  front  axle  this  last  centre  moves  to  a  point  near  the  rear  axle,  and 
vice  versa. 


The  vehicles  behave  differently,  however,  when  fully  suspended.  For 
vehicles  1  and  3  the  patterns  are  again  similar  with  little  change  in 
pitch  or  vertical  modes  and  the  longitudinal  mode  moving  up  to  a  mid- 
wheelbaae  position.  In  contrast,  for  vehii le  2  the  vertical  and  long¬ 
itudinal  modes  each  move  to  a  point  near  the  front  and  rear  wheels, 
respectively. 

As  a  general  rule,  movement  of  a  mode  centre  towards  the  seat  will  reduce 
its  effect  on  the  vertical  and  longitudinal  motion  of  the  seat.  However, 
the  movement  of  one  mode  is  accompanied  by  movement  of  all  the  others,  not 
necessarily  in  favourable  directions.  Here  again,  the  response  to  real 
ground  inputs  provides  further  Insight  for  the  designer. 


The  effect  on  rms  values  is  shown  in  Table  3  for  the  middle  value  of  sus¬ 
pension  sd'fness  at  front,  rear  and  both  axles.  The  table  confirms  that 
for  suspen.  ‘  i  to  be  effective  at  reducing  vertical  seat  acceleration  it 
needs  to  be  mounted  at  least  on  the  axle  nearest  the  seat.  A  front  sus¬ 
pension  on  the  tractor  or  a  rear  suspension  on  the  transport  vehicle  have 
little  effect.  in  contrast,  a  suspension  on  either  axle  will  siqnifi- 
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iantly  reduce  longi  t  udin.i  1  ..eat  Acceleration.  Those  results  are  high¬ 
lighted  in  Fig.  b  which  compares  the  four  suspension  u(>t  ions  for  the  un¬ 
laden  transport  vehicle.  A  rear  suspension  reduces  higher  frequency  com 
[.•orient  s  while  retaining  the  2,5  and  1  Hr  bounce  peak.  A  front  suspensio 
reduces  this  also  and  is  seen  to  be  almost  as  g<xxi  as  a  full  suspension 
from  the  operator's  point  of  view. 
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Fig.  t>  Vertical  seat  acceleration  spectral  density  for  Vehicle  2, 

with  input  as  in  Fig.  5,  for  each  suspension  option.  Suspension 

parameters  are  k  -  400  kN/m/axle,  c  *  20  kN  sec/m/axle, 
s  s 

The  disadvantages  of  a  soft  suspension  is  the  increased  static  deflection 
which  it  causes.  The  largest  suspension  stiffness  is  set  equal  to  that 
of  the  tyres  and  gives  a  static  deflection  of  about  25  mm  for  vehicles 
1  and  2,  and  about  50  mri  for  vehicle  3.  The  softest  value  gives  res¬ 
pectively  250  and  500  mm.  These  may  be  prohibitively  large,  especially 
for  the  laden  transport  vehicle,  but  the  value  is  Included  here  for 
illustrative  purposes.  By  simulating  vehicle  behaviour  for  different 
values  of  stiffness  and  dampinq,  the  designer  will  obtain  the  necessary 
information  to  provide  a  compromise  value. 

As  an  example  of  a  solution  in  the  time  domain,  Fig.  7  shows  a  5  second 
time  history  of  vertical  seat  displacement  for  the  unladen  transport 
vehicle  crossing  a  square  cut  furrow  200  mm  deep  by  400  an  across,  at  a 
speed  of  2  m/sec.  Since  the  point  contact  model  was  used,  the  shape  of 
the  furrow  was  modified  by  application  of  a  riqid  treadband  to  give  a 
smoothed  profile  (Fig.  7,  inset).  The  solid  trace  is  for  the  unsus¬ 
pended  vehicle  and  the  dotted  trace  shows  the  effect  of  mounting  a  full 
suspension  of  stiffness  k  -  400  kN/m/axle.  Rms  vertical  seat  displace¬ 
ment  is  reduced  from  17  to  10  mm  and  acceleration  Is  reduced  from  5.6 
to  2.1  m/sec* .  Corresponding  values  for  the  unsprung  vehicle  with  an 
unmodified  furrow  profile  are  74  mo  and  1*1  m/sec*,  which  are  clearly 
unreal  1st  ir,  as  one  would  expect.  Tins  confitms  that  It  is  necessary  for 
any  ground  input s  wit h  s lqni f leant  high  frequency  components,  to  either 


v  *  ■i-.  ;?4t  nt  i  ?  n>.  ..ie],  or  modify  t  *  ■  t  f  *  *  •  t  iv  mj-ut  by, 

MM  ,  t  ::»•  rind  *  i  «*-i  ii  un  1  »j  {  » imat  i  >n 


hV.U  wheel 
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history  f  vertical  seat  displacement  for  Vehicle  2 
i  -.ina  .1  ^  x  'Iim;  mm  furrow,  modified  by  a  rigid  treadband 
inset  ,  at  a  speed  of  m/sec.  The  solid  lint*  is  for  no 
'v;:-;on:Mon;  the  iashed  line  is  for  full  suspension  with 
<  *500  kN/rn, axle,  c  <0  kN  sec/m/axle. 

.  (INCLUSIONS 

\*r  i7».  t:,4  :,im  pie  vehicle  models  described  contain  many  limit  mq 
■  to  ,  they  are  nevei  •  heless  useful  in  providing  designers 

/:«  ‘fee l'  for  ride  vibration  behaviour, 

Vs,*  *  us? i f u  at  ion  for  keeping  the  vehicle  models  simple  is  that  a 

r ,.r»  arc jr ate  representation  is  limited  by  the  tyre  model.  Until  a 
T.ore  a  vsrjft'  !•-.->«* r apt  l on  of  off-road  tyre  vibration  is  available, 

•.<  .pr.  i  :.f  .  <  a?  vehicle  model*  are  inappropr  late. 

Is  prejic'inq  the  dominant  aspects  of  ride  behaviour,  simple  models 
•  •sable  f  f  - 1  -a  1  vehicle  designers  to  understand  the  effect  of,  for 
examjle,  eu*  pot.it  ion  and  vehicle  geometry  on  the  operator  aceele- 
r  if  lo.n  levels.  Fur  t  her  more ,  fast  interactive  computing  methods 
mean  ?nut  extensive  parameter  optimisation  studies  can  be  done  quickly 

In  *  he  agricultural  industry,  the  addition  of  axle  suspension  to 
u* rent ly  .msuspenieJ  vehicles  is  a  subject  of  great  interest  at 
present,  rhe  model  shows  that  full  axle  suspension  ts  h  ijn  l  f  n  ant  1  y 
tsar.  »  single  axle  suspension.  If  a  single  axle  only  is  .u.- 
pende)  • hen  the  one  nearest  the  driver's  seat  offers  the  greatest 
t  •>  j.jr  t  .or*  ;n  vert  Kd)  acceleration  level.  However,  the  axle  furthest 
from  hi*,  seat  offers  *.ome  reduction  in  pitch,  and  hence  longitudinal 
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Theoret ische  Untersuchung  einer  Aktiv-Federung  fUr  Rad- 
Schlepper 

H.  Junker;  A.  Seewald 

Inst.  f.  Kraft fahrwesen ,  TH  Aachen,  BR  Deutschland 


EINFUHRUNG 


Durch  die  Einsatzbedingungen  auf  unebenen  Feldwegen  und  im 
unbefestigten  GelSnde  werden  Rad-Schlepper  in  der  Regel  zu 
starken  vertikalen  Schwingungen  angeregt.  Da  aufierdem  auf- 
grund  von  Zielkonf likten  mit  der  praxisgerechten  ErfUllung 
wichtiger  Arbe itsauf gaben  bewuBt  auf  eine  separate  Federung 
des  Schlepperrumpfes  verzichtet  wird,  1st  der  Fahrzeugf Uhrer 
hohen  Schwmgungsbelastungen  ausgesetzt,  die  im  Extremfali  zu 
vermindertem  LeistungsvermOgen  und  sogar  zu  Gesundheitsscha- 
den  fllhren  kttnnen. 

In  der  Vergangenheit  konnten  durch  eine  verbesserte  Abstimmung 
und  Auslegung  der  Sitzfederung  und  -dampfung  deutliche  Verbes- 
serungen  des  Schwlngungskomforts  bei  Rad-Schleppern  erzielt 
werden.  Dennoch  sind  in  vielen  Einsatzfailen  mit  hohen  Bela- 
stungen  die  heute  verwendeten  konventionellen,  passiven  Sitz- 
federur.gen  als  einziges  System  zur  Schwingungsisolierung  tlber- 
fordert  /10,  12/.  Den  vielen  Vorteilen  der  einfachen  passiven 
Federungssy steme  stehen  als  Nachteile  ihre  bekannten  physika- 
lischen  Grenzen  gegenUber  /7,  13/. 


Daher  wurden  im  Rahmen  einer  von  der  Deutschen  Forschungsge- 
meinschaft  gefdrderten  Arbeit  /8/  die  Verbesserungsmbglichkei- 
ten  auf  diesem  Gebiet  durch  den  Einsatz  einer  Aktiv-Federung 
fUr  den  Fahrersitz  von  Rad-Schleppern  untersucht .  Dabei  wurden 
die  Erfahrungen  vorangegangener  Arbeiten  /4,  11,  15/  aufge- 
griffen  und  durch  die  BeschrUnkung  auf  die  AbstUtzung  des  Fah- 
rersitzes  wurden  die  bekannten  Probleme  aktiver  Isolationssy- 
steme  bei  hochf requentem  Anregungsinhalt  und  groBen  Nutzlasten 
bewuBt  ausgeklammert . 

Bei  den  durchgefUhrten  theoretischen  Untersuchungen  wurde  die 
analoge  Slmulationstechnik  angewendet.  Ausgehend  von  den  ma- 
thematischen  Model lformulierungen  fllr  die  Teilsysteme  "Fahr- 
zeug"  und  "Aktiv-Federung",  die  jeweils  auf  den  Daten  realer 
Bauteile  basieren,  wurde  mit  einem  analogen  Gesamtmodell  eine 
Synthese  der  beiden  Teilsysteme  geschaffen,  und  schlieBlich 
die  dynamischen  Eigenschaf ten  im  Hinblick  auf  minimale  Schwin- 
gungsbelastungen  fUr  den  FahrzeugfUhrer  optimiert. 


RADSCHLEPPER  MIT  KONVENTIOMELLER  SITZFEDERUNG 

Im  ersten  Untersuchungsschritt  wurden  die  Schwingungseigen- 
schaften  eines  serienmRBigen  Rad-Schlepper s  mit  konventionel- 
ler  Sitzfederung  analysiert,  urn  Ausgangsdaten  fUr  die  anschlie- 
Bende  Integration  der  Aktiv-Federung  zu  schaffen. 


[ 
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Als  Basis fahrzeug  fllr  die  Untersuchungen  diente  ein  Schlepper 
der  37  kW-Klasse,  dessen  relevante  technischen  Daten  in  Bild  1 
aufgelistet  sind.  Die  Angaben  filr  Feder steif igkeit  und  DUmp- 
fung  der  Schlepperrei fen  wurden / 1 6/  entnommen. 


Bild  Is  Techn.  Daten  eines  37  kW-Rad-Schleppers 
Fahrzeugmodell 

Aufgrund  der  Anordnung  des  Schleppersitzes  in  der  Fahrzeug- 
symmetrieebene  konnte  auf  die  Nachbildung  eines  rHumlichen 
Hodells  verzichtet  und  das  in  Bild  2  gezeigte  Einspur-Modell 
zur  Simulation  des  dynaralschen  Schwingungsverhaltens  des  Rad- 
Schleppers  verwendet  werden. 


SITZ  ♦  FAHRfR 


Die  Abfederung  des  Aufbaus  er- 
folgt  ausschlieBlich  Uber  die 
vordere  und  hintere  Relfenfe- 
derung.  Der  Schlepperrumpf 
wird  zusanunen  mit  alien  Neben- 
aggregaten  als  starrer,  masse- 
behafteter  Balken  betrachtet, 
auf  dem  der  Sitz  im  Bereich 
Uber  der  Hinterachse  angelenkt 
1st . 

Die  zur  Beschreibung  des  Bewe~ 
gungsverhaltens  des  Rad-Schlepr 
pers  erforderlichen  Differen- 
tialgleichungen  wurden  mit  den 
im  Mode  11  angegebenen  Parame- 
tern  formuliert. 


Bild  2:  Einspur-Schwingungsmo- 
dell  des  Radschleppers 
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Zur  Ermittlung  der  vertikalen  Schwingungse 1 genscha f t on  wurdo 
das  Fahrzeugsimulationsmodel 1  neben  der  Anregung  mit  harmoni- 
schen  Signalen  zur  Bestimmung  der  FrequenzgHnge  mit  den  J.angs- 
unebenheitsveriaufen  verschiedener  Fahrbahntypen  angeiegt.  Als 
reprdsentat iv  fUr  den  Schleppereinsatz  wurden  die  Unebenheits- 
verldufe  einer  befestigten  LandstraBe  sowie  eines  unbefestig- 
ten  Feldweges  verwendet.  WShrend  die  LandstraBenunebenheiten 
mit  einem  eigens  entwickelten  MeBgerdt  zur  dynamischen  Uneben- 
heitsbestimmung  ermittelt  wurden,  wurde  der  Feldwegverlauf 
synthetisch  erzeugt.  Nach  / 1 6 /  betrHgt  die  Differenz  im  Lei- 
stungsdichtespektrum  der  Unebenheiten  typischer  LandntraBen 
und  Feldwege  etwa  eine  Dekade .  Da  die  spektrale  Leistungsdich- 


10*  S  10 1  10*  S  10 1  10'  5-10’  cm 


UNEBENHEITSWElIENLANGE  L 

Bild  3:  Leistungsdichtespektren  der 
Unebenheiten  einer  befestig¬ 
ten  LandstraBe  und  eines  un- 
befestigten  Feldweges 


te  aus  dem  Quadrat 
der  Anregungsampl i - 
tude  gewonnen  wird, 
ergibt  sich  ein  Am- 
pl itudenverha 1 tnis 
LandstraBe : Feldweg  = 

1  :*Ao".  Diesen  Zusam- 
menhang  spiegelnauch 
die  im  Bild  3  darge- 
stellten  und  mit  Hil- 
fe  eines  FFT-Analysa- 
tors  ermittelten  Lei¬ 
stungsdichtespektren 
der  verwendeten  Land- 
straBen-  und  Feld- 
wegunebenhei ten . 

Die  bei  harmonischer 
Anregung  an  den  Rei- 
fenauf standsf ldchen 
des  Schleppermodel Is 
ermittelten  Fre- 
quenzgdnge  fdr  ver- 
schiedene  MeBpunkte 
zeigt  Bild  4. 

Im  Amplitudenfre- 
quenzgang  sind  die 
VergrOBerungsf unktio- 
nen  des  Aufbauschwer- 
punktes,  des  Sitzan- 
lenkpunktes  sowie  der 
Sitzoberf lliche  darge- 
stellt.  Der  Funk tions- 
verlauf  fUr  den  Auf- 
bauschwerpunkt  ist 
gekennzeichnet  durch 
zwei  Maxima,  die  durch 
die  Hubeiganfrequenz 
(3  Hz)  und  die  Nick- 


eigenf requenz  (3,75  Hz)  bestimmt  sind.  Dagegen  zeigt  der 
Sitzanlenkpunkt  im  Bereich  Uber  der  Hinterachse  lediglich 
ein  Maximum  mit  einem  vergrOBerungsfaktor  5  im  Bereich  der 
Hubeigenf requenz .  Dieses  Phclnomen  wird  verursacht  durch  die 
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BUd  4:  Frequenzgang  des  Einspur- 
schwlngungsmodel 1  des  Rad- 
schleppers  mit  konventio- 
nell  gefedertem  Sitz 


Lage  des  Momentanzentrums 
der  Nickschwlngungen  des 
Schlepperrumpfes  nahe  der 
Hinterachse.  Der  Funktions- 
verlauf  des  Sltzes  er- 
reicht  bei  der  Eigenfre- 
quenz  der  Sitzfederung  von 
1 ,8  Hz  etn  Amplitudenver- 
hAltnis  von  2,7,  das  bis 
zur  Aufbaueigenfrequenz 
auf  3,5  ansteigt  und  dann 
mit  wachsender  Frequenz 
steil  abfiillt . 

Bei  stochastischer  Anre- 
gung  des  Simulationsmo- 
dells  durch  die  Uneben- 
heitsprofile  von  Landstras- 
se  und  Feldweg  wurden  als 
Bewertungskriterien  der 
Schwingungseigenschaf ten 
die  in  der  VDI-Richtline 
2057  definierte  Wahrneh- 
mungsst&rke  K,  sowie  die 
Ef fektiwierte  der  vertika- 
len  Beschleunigung  verwen- 
det . 

Bild  5  gibt  die  bei  Fahr- 
geschwindigkeiten  von  12,5 
km/h  und  25  km/h  ermittel- 
ten  Werte  am  Rumpfschwer- 
punkt,  am  Sitzanlenkpunkt 
und  am  Sitz  wieder.  Sowohl 
die  Ef f ektivbeschleunigun- 


gen  als  auch  die  WahrnehmungsstSrken  weisen  fUr  den  MeBpunkt 
am  Sitz  die  gerlngsten  Schwingungsbelastungen  auf,  wodurch 
eine  gewisse  I  sol  at ionswirkung  des  konvent lonel 1  gefederten 
Sitzes  nachgewiesen  wird. 

Dennoch  werden  bei  Feldwegfahrt  Wahrnehmungsstarken  K»110 
erreicht,  korrespondierend  mit  Beschleunigungswerten*  0 , 7  g, 
Belastungen,  die  bei  lingerer  Einwirkung  zu  einer  Beeintreich- 
tigung  der  Gesundheit  fUhren. 

Im  folgenden  werden  daher  Hbgl ichkei ten  untersucht,  diese  ho- 
hen  Schwingungsbelastungen  fUr  den  Fahrzeugf Uhrer  durch  den 
Einsatz  einer  Akti v-Federung  wirksam  zu  reduzieren. 


AKTXV-FEDERUNG 


Die  Funktion  bekannter  Aktiv-Feder-Systeme  /2,  3,  4,  11,  15/ 
baslert  auf  dem  Einsatz  geregelter,  langenverilnderlicher  Bau- 
teile  zur  Abfederung  der  zu  isolierenden  Massen.  Gelingt  der 
Pegelung  die  Einhaltung  eines  exakten  Phasenversatzes  von 
180*  zwischen  Aktiv-Feder-Bewegung  und  Anregung,  erfShrt  eine 
Jerart abgef ederte  Masse  im  Idealfall  keine  dynamischen  KrJifte 
und  ihre  Absolutbeschleunigungen  werden  zu  Null.  In  Vorunter- 
suchungen  / 8 /  wurde  die  Eignung  verschiedener  Aktiv-Feder- 


tfHKrrVBfStULfUNtGUNG  WAHftNl  HMUNGSS  TARKf 
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FAhRGESCHWINOGKEIT 

Bild  5:  Wahrnehmungsatiirke  K  und 
Ef  f ekt ivbeschleunigung  am 
Rad-Schlepper  mit  konven- 
tioneller  Sltzfederung  (KFB) 


PASS  IV  AKTIV 


Bild  6:  Passive  und  aktive  Fe- 
de rung say steme 


Konzepte  zur  Sitzfede- 
rung  bei  Rad-Schleppern 
geklart.  Oabei  zeigten 
elektrohydraulische  Sy- 
steme  die  grttBten  Vorzti- 
ge.  Im  Vergleich  zu  pneu- 
matischen  und  mechani- 
schen  Ausf Uhrun gen  lie- 
fert  die  Hochdruck-Hy- 
draulik  in  Verbindung 
mit  e lektronischen 
Steuerelementen  hohe  und 
prdzise  Antwor tgeschwin- 
digkeiten  bei  gleichzel- 
tig  hoher  Leistung  und 
Zuverlclssigkeit .  Es  wur- 
de  daher  ein  Aktiv-Fe- 
der-System  bestehend  aus 
einem  Hydraulikzylinder , 
Servoventil.  Regelein- 
heit  und  Energiequelle 
ausgewUhlt,  als  analoges 
Simulationsmodel 1  abge- 
bildet  und  dessen  dyna- 
mische  Eigenschaf ten  un- 
tersucht  und  optimiert. 

Bild  6  zeigt  den  prin- 
zipiellen  Aufbau  des 
Aktiv-Feder-Sy8tems  im 
Vergleich  zur  konventio- 
nellen,  passiven  Anord- 
nung.  Die  MeBstellen  Ml 
und  m2  dienen  zur  Er- 
mittlung  der  Schwlngungs- 
anregung  und  zur  Erfas- 
sung  von  Soll/Ist-Wert- 
Dif ferenzen . 

Die  zur  technischen  Dar- 
stellung  der  untersuch- 
ten  Akt i v-Feder-Anord- 
nung  erforderllchen  Bau- 
telle  zeigt  der  in  Bild 
7  dargestellte  Hydraulik- 
krelslauf . 

Servo-Ventil 

Als  Bindeglied  zwischen 
Elektronik  und  Hydraulik 
und  zur  Steuerung  des 
Hydraulikzylinders  kommt 
dem  Servoventil  eine  we- 
sentliche  Bedeutung  zu. 
Nach  einer  Untersuchung 
verschiedener  Ventilbau- 
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S£HV0-  ORUCK-  MOTOR 

ZYLINOER  BEGRENZUNGS- 

VENTIL 

Blld  7:  Hydraulikkreislauf  der 
Aktiv-Federung 


arten  und  Ventlltypen 
und  nach  AbschStzung  des 
erforderlichen  Volumen- 
stroms  wurde  ein  zwel- 
stufiges  Serienventil 
mit  einem  Nenndurchf luB 
von  19  1/min  bei  einem 
Betr iebsdruck  von  210  bar 
und  gutem  Frequenzver- 
halten  ausgewAhlt.  Da  die 
mathematiache  Erfassung 
des  dynamischen  Ventil- 
verhaltens  unter  bestlOTi- 
ten  Randbedingungen 
durch  ein  lineares  Ver- 
zttgerungsgl led  2.  Ord- 
nung  miigllch  ist,  ist 
eine  Ventilbeschreibung 
durch  die  folgende  Dif- 
ferentialgleichung  2. 
Ordnung  statthaft. 


T1  ~  ■  a  ♦  T1  .  •  q  ♦  q  ■  V  *  i 

v2  4  vl  4  4  v 

mit  T  .  ,  -  Zeitkonatanten 

q  -  gesteuerter  Volumenstrom 

1  -  Steuerstrom 


Vy  -  VerstArkungsfaktor 


Die  fUr  das  ausgewAhlte  Ventil  gUltigen  technischen  Daten  be 
tragen; 


Hersteller 

Typ 

fe 

D 

Tv1  M 

tv2  M 

MOOG 

(76-232) 

210 

1.1 

1,67 

0,76 

Durch  eine  Analogrechenschal tung  zur  Simulation  der  o.g.  Dif- 
ferentlalgleichung  konnten  die  Ventileigenschaf ten  hinreichend 
genau  nachgebildct  werden.  Die  in  Bild  8  gezelgten  Anmlituden- 
und  Phasenf requenzgAnge  zeigen  lediglich  im  hoherf requenten 
Bereich  vernachlHssigbar  geringe  Abweichungen  zwischen  dem  re- 
alen  Servoventil  und  dem  Simulationsmodell . 


Servo-Zylinder  und  Servoantrieb 

Der  Servozylinder ,  als  hydraulischer  Linearmotor  wirkend, 
transformiert  die  vom  Servoventil  gesteuerte  Leistung  in  me- 
chanische  Leistung.  FUr  den  Aktiv-Feder-Einsatz  wurde  ein  dop- 
pelt  wirkender  Gleichgangzy Under  gewAhlt,  der  durch  folgende 
technische  Daten  charakterlsiert  wird: 


Hersteller 

I 

m 

M 

\  w 

“k  N 

HE  BO 

100 

64 

4,9 

1 
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Bild  8:  Frequenzgang  des  Servoventils 
(Realtell  und  Slmulationsmo- 
dell ) 


Die  Zy 1 inderbauart 
zeichnet  sich  durch  ei- 
nen  hohen  mechanischen 
Wirkungsgrad  aus.  Durch 
eine  besondere  Lagerge- 
staltung  unter  Verwen- 
dung  spezieller  Dlchte- 
elemente  wird  stick- 
slip-freies  Verhalten 
erzielt. 

FUr  das  dynamische  Ver¬ 
halten  eines  Servozy- 
linders  kann  ebenfalls 
eine  mathematische  For- 
mulierung  in  Form  einer 
Dif  ferentialg lei chung 
2.  Ordnung  gewShlt  wer- 
den . 


zZ  z  z 1  z  z 

k  /" dt 

mit  T  . ,Tz2  -  Zeitkon- 
~ '  stanten 

z  -  Weg  der 
Kolben- 
stange 

A,  -  wirksame 

Kolbenfia- 

che 

q  -  gesteuerv^r 
Volumen- 
strom 


Die  Abblldung  der  Dif ferentialgleichung  am  Analogrechner 
ftlhrt  zu  elnem  S lmulat ionsmodel 1  zur  Ermittlung  der  dynami- 
achen  Eigenschaf ten  des  Servozylinders . 

Die  Reihenschaltung  von  Servoventll  und  Servozylinder  bildet 
den  Servoantrleb,  der  im  geschlossenen  Regelkreis  der  Aktiv- 
Federung  die  Regelatrecke  daratellt.  Bild  9  zelgt  den  Fre¬ 
quenzgang  des  Servoantriebs .  Da  das  AmplitudenverhMtnls  des 
Servoventils  In  elnem  weiten  Frequenzbereich  nahezu  Eins  ist 
und  der  Phasenabfall  des  Servozylinders  deutlich  frUher  ein- 
setzt,  wird  das  GesamtUbertragungsverha 1  ten  des  Servoantriebs 
wesentlich  durch  den  Servozylinder  bestimmt. 

Regelkreis 

Zur  Verbesserung  der  Ubertragungseigenschaf ten  der  Aktlv-Fe- 
derung  wurde  im  n&chsten  ’Jntersuchungsschr  itt  durch  Hinzuftigen 
eines  Reglers  ein  geschlossener  Regelkreis  hergestellt.  Die 
Reglereigenschaf ten  sollten  so  gewUhlt  werden,  dafl  sie  die  Ab- 
weichungen  des  dynamischen  Verhaltens  des  Servoantriebs  vom 
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So  1 1 zustand ,  charakterisierbar  durch 


Hild  9:  i'roquenzgang  des  Servo- 
ant  nobs  (Regelstrecke) 


ein  Ampl itudenverha 1 t- 
nls  =  1  und  einen  Pha- 
senwinkel  *  0*,  weltge- 
hend  kompensieren .  Da 
kein  bekanntes  Regelele- 
ment  die  gestellten  For- 
derungen  nach  Absenken 
der  Ampl  itudenverhclltnis- 
se  im  Bereich  der  Servo- 
ant  r iebeigen f requenz  bel 
gleichzei tiger  positiver 
Anhebung  des  Phasenwin- 
kels  erfilllt,  wurde  auf- 
grund  der  zu  realisieren- 
den  Folgerego lung  einer 
Kompensation  der  negati- 
ven  Phasenwinkel  Priorit&t 
eingeraumt.  Die  dazu  er- 
forderlichen  differenzie- 
renden  Eigenschaf ten  wur- 
dcn  durch  die  Auswahl  ei- 
nes  PD-Reqlers  beriick- 
sichtigt,  der  durch  die 
folgende  D 1 f fernt ia lgle i - 
chung  darstellbar  ist: 

y  =  K  (x  ♦  Tv  •  X) 

mit  Tv  -  2ei tkonstante 

x,y  -  Eingangs-,  Aus- 
ganqsgrOSe 

K  -  Reglerkonstante 


REGELSTRECKE 


Don  pr x nz x pie  1 1 en  Aufbau  des  Regelkreises  zeigt  Bild  10.  Der 

PP-Regler  formu- 
liert  aufgrund  der 
Abweichung  von  Re- 
gelgrOBe  und  Soll- 
wert  eine  auf  die 
Regelstrecke  wir- 
kende  StellgrttBe, 
die  das  Ubertra- 
gungsverhalten  des 
Servoantr iebs  po- 
sitiv  beeinfluBt. 
Zur  Ermittlung  op- 
timaler  Regelkenn- 
daten  wurde  nach 
der  Di  f ferential - 
gleichung  des  PD- 
Reglers  ein  analo- 
ges  Simulationsmo- 
dell  gebildet  und 
mit  den  Model len 

von  Servoventil  und  Servozy Under  kombiniert.  Die  Abstimmung 
des  PD-Reglera  und  die  resultierende  Wirkung  auf  das  Ubertra- 
gungsverhalten  qeht  aus  der  GegenClberstel lung  der  Frequenz- 


Bx Id  10: 


Regelkreis 

schaltung 


mit  StOrgrttBenauf - 
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ijjnqo  des 
qe lk re  isos 


jc'p  tfuertcn 
in  Bi Id  11 


Scrvoant  r  iobs  und  dos  qesch  lossoncn  Re- 
ht'ivor.  Dio 


•4 

X 


1.0 


01 


I 

4 


0.01 


Elqenf requenz  dos  Akt iv-Fo- 
der-Sys terns  wird  durch 
das  SchlieBen  des  Reqel- 
krelses  mit  Hilfe  dos 
PD-Reglers  von  45  Hz  auf 
90  Hz  anqehoben.  Glolch- 
zeitig  steiqt  aufqrund 
der  entdSmpf nnden  Eigen- 
schaften  des  dlfferen- 
zierenden  Reqelantoi 1 s 
das  Ampl i tudonverha 1 tn l s 
und  der  Phasennachlauf 
wird  kleiner.  Fine  im 
AnschluB  durchqe f Ohr te 
Untersuchunq  zur  weiteren 
Verbesserunq  der  Peqel- 
giite  fifhrte  zu  der  in 
Bild  10  darqeste 1 1  ten 
StttrqrdBena  if srha 1 tunq , 
die  be i  optimal  abqe- 
stimmtem  Anpafiroqler  das 
Ubert  raqunqsverha 1  ten 
qunstiq  beeinfluBt.  Der 
mit  StdrgrbBenauf schal- 
tunq  ermi t te 1 te  Fre- 
quenzqanq  zeigt  in  Bild 
11  im  Verqleich  zum  ge- 
steuerten  Servoantrieb 
bzw.  zum  einfachen  Re- 
gelkreis  mit  PD-Regler 
elne  Eigen f requenz  des 
Akt iv-Feder-Systems  von 
150  Hz.  Im  Frequenzbe- 
reich  bis  ca.  50  Hz  wird 
ein  nahezu  konstantes 
Ampl itudenverhHltnis  bei 
gleichzeitig  verringer tern 
Phasennachlauf  erreicht. 
Die  Resonanzstellenver- 
schiebung  zu  hbheren 
Frequenzen  ist  jedoch 

mit  dem  Nachteil  eines  steigenden  Ampl itudenverhaitnisses  im 
Eigenf requenzbereich  verbunden.  Unter  BerUcksichtigung  des  re- 
lativ  nieder f requenten  Anregungsspektrums  ist  jedoch  dem  Am- 
pl itudenanstieg  bei  httheren  Frequenzen  nur  eine  geringere  Be- 
deutung  zuzumessen.  Vor  der  Anpassung  des  geschlossenen  Aktiv- 
Feder-Regelkreises  an  das  Schwingungsmode 1 1  des  Rad-Schleppers 
wurde  die  Stability  des  Regelkreises  mit  Hilfe  des  NYQUIST- 
Knteriums  UberprUft.  Bei  diesem  Krlterium  blldet  der  Fre- 
quenzgang  des  aufgeschnittenen  Regelkreises  die  Bewertungs- 
grundlage . 


Bild  11 


Frequenzgang  des  Servoan- 
triebs  und  des  geschlos¬ 
senen  Regelkreises  mit 
und  ohne  StbrgrttBenau f - 
scha ltung 


Die  Anwendunq  des  NYQUIST-Kr iter iums  belm  optimierten  Regel- 
kreis  mit  PD-Regler  zeigt  Bild  12.  Der  aus  der  geometr ischen 
Addition  der  FrequenzgMnge  von  Servoantrieb  und  PD-Regler  re-  i 

sultierendo  Ferquenzqang  des  aufgeschnittenen  Regelkreises  | 
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liefert  eine  Amplitu- 
denreserve  von  Ag*3,0 
und  eine  Phasenreserve 
von  «  =30°,  und  erfUllt 
damit  die  Stabllitats- 


1  und 


kriterien  A  = 

«R>°-. 


SYNTHESE  VON  AKTIV-FE- 
DERUNG  UND  RAD-SCHLEP- 
PER 

Zur  Anpassung  der  Ak- 
tiv-Federung  an  das 
Schwingungsmodel 1  des 
Rad-Schleppers  wurde 
der  Schwingkreis  der 
konventionellen  Sitz- 
federung  durch  den  ge- 
schlossenen  Regelkreis 
des  aktiven  Systems  er- 
setzt.  Als  StttrgrttBen- 
signal  wurde  die  verti- 
kale  Bewegung  des 
Schlepper rumpfes  am  An- 
lenkpunkt  der  Sitzfede- 
runq  verwendet. 

Schwingungselgenschaften 


Hi  Id  12:  Stabi 1 itatsuntersuchung 

nach  dem  NYQUIST-Kriter lum 


WfQufNZ  Die  bei  integrierter 

Akt iv-Federung  ermlt- 
telten  Ampl i tudenf re- 

Bi  Id  12:  Stabi 1 itatsuntersuchung  quenzgSnge  des  Fahrer- 

nach  dem  NYQUIST-Kriterium  sitzes  sowie  die  auf 

die  Er regungsampl itude 

bezogenen  Beschleunigungen  am  Sitz  sind  in  Bild  13  den  ent- 
sprechenden  Kurven  der  konventionellen  Sitzfederung  gegenilber- 
gestelllt.  Die  mit  StdrgrOBenauf schaltung  arbeitende  Aktiv-Fe- 
der-Version  zeigt  im  Vergleich  zur  Version  mit  einfachem  Re¬ 
gelkreis  gdnstlgere  Amplituden-  und  Beschleunlgungswerte . 
Gegenuber  der  konventionellen  Sitzfederung  bieten  beide  Aktiv- 
Feder-Versionen  im  Frequenzbere ich  bis  ca .  15  Hz  ein  deutlich 


abgesenktes  Beschleunigungsm veau .  Im  htther f requenten  Bereich 
resultiert  aus  der  TiefpaBcharakterlstik  der  konventionellen 
Federung  ein  steiler  Ampl itudenabf al 1 ,  dem  die  Aktiv-Feder- 
Systeme  aufgrund  der  auftretenden  negativen  Phasenwinkel  nicht 
in  der  Lage  sind  zu  folgen.  Darauf  sind  auch  die  hOheren  Werte 
der  bezogenen  Beschleunigungen  der  Akt iv-Federung  im  Frequenz- 
bereich>15  Hz  zurilckzuf  Uhren .  Die  im  Eigenf  requenzbereich  der 
Aktiv-Feder-Systeme  auftretenden  hohen  Beschleunlgungswerte 
sind  aufgrund  des  subjektiven  Bewer tungsempf indens  des  Men- 
schen  fUr  die  Gesamtschwingungsbel astung  von  geringerer  Be- 
deutung.  Die  be i  stochastl scher  Anregung  des  Schlepper-Simula- 
tionsmodells  mit  Fahrbahnunebenheiten  ermittelten  Werte  der 


WahrnehmungsBt&rke  KZ  und  der  Effektivbeschleunlgung  des  kon- 
ventionell  und  des  aktlv  gefederten  Sitzes  gehen  aus  Bild  14 
hervor . 


195 


* 


i 


i 


» 


B 1  Id  13:  Ampl i tudenf requenzgang  und  bezogene  Beschleunigung 
bei  konventionell  ( KFB)  und  aktiv  (AFB)  gefedertem 
Schleppersitz 
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Bild  14:  WahrnehmunqsstSrke  und  Effek- 
tivbeschleunigung  des  konven¬ 
tionell  (KFB)  und  des  aktiv 
(AFB)  gefederten  Schleppersitzes 


Die  Darstellung  zeigt 
ein  durch  den  Einsatz 
der  Aktlv-Federung  im 
gesamten  Fahrgeschwin- 
digkeitsbereich  deut- 
lich  abgesenktes  Ni¬ 
veau  der  Beschleuni- 
gungen  und  der  objek- 
tiven  Schwingungsbe- 
lastungen.  Liegen  beim 
konventionell  gefeder¬ 
ten  Sitz  die  Wahrneh- 
mungsstSrken  bei  Land- 
straBenfahrt  zwischen 
KZ*30-35  und  bei  Feld- 
wegbetrieb  zwischen 
KZ*90-120,  wird  durch 
den  optimal  abgestimm- 
ten  Aktiv-Feder-Regel- 
kreis  mit  StttrgrttBen- 
aufschaltung  ein  Pkw- 
Komfortnlveau  erreicht. 
Diese  lediglich  im  Hin- 
blick  auf  Minimierung 
der  Schwingungsbe la- 
stung  ausgelegte  Ak- 
tiv-Feder-Abstimmung 
ftlhrt  jedoch  auch  zu 
relativ  groBen  Rela- 
tivbewegungen  zwischen 
Sitz  und  Schlepper- 
rumpf.  Beim  Feldweg- 
betrieb  wurden  mehr- 
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mals  die  Grenzen  des  Zylinderhubs  (iberschr itten ,  was  durch 
eine  zusBtzliche  Regelkreisschaltung  und  eine  Zylinderendla- 
gerdBmpfung  vermieden  werden  sollte.  Da  groBe  Relativwege  je- 
doch  generell  eine  sichere  Fahrzeugf tlhrung  erschweren,  sollte 
in  zukUnftigen  Unter suchungsschr itten  dec  Einsatz  einer  Aktiv- 
Federung  auf  die  gesamte  Fahrerkabine  mit  integrierten  Bedien- 
elementen  ausgedehnt  werden. 


Leistungsbedarf  der  Aktiv-Federung 

Einen  Zugang  zur  rechner ischen  AbschBtzung  des  erforder lichen 
hydraul ischen  Leistungsbedarf  der  Aktiv-Federung  gestattet  die 
Gleichung 


Pp  *  ^  *  P  '  *K  •  VK 


eff 


mit  Pumpenwirkungsgrad  np  =  0,85 

Betriebsdldruck  p  ■  210  bar 
Kolbenf lSche  A^  «  4,9  cm* 


Mit  den  bei  Fahrgeschwindigkeiten  von  25  km/h  ermittelten  Kol- 
bengeschwindigkeiten  am  Aktiv-Feder-Zylinder  von  0,22  m/s  bei 
LandstraBenfahrt  bzw.  0,67  m/s  bei  Feldwegbetrieb  errechnet 
sich  ein  Leistungsbedarf  von  2,7  -  8,1  kW  je  nach  Einsatzart. 
Aufgrund  dieses  hohen  Leistungsbedarf s ,  insbesondere  bei  Feld¬ 
wegbetrieb,  erscheint  der  Einsatz  einer  Aktiv-Federung  nur  in 
den  Schlepperkategorien  mit  hohem  Leistungsangebot  sinnvoll. 


ZUSAMMENFASSUNG 

Mit  Hilfe  eines  analogen  Rechenmode 1 1 s  zur  Simulation  der 
Schwingungseigenschaften  eines  Rad-  Schleppers  und  eines  ein- 
fachen  Aktiv-Feder-Systems  wurden  die  theoretischen  Mdglich- 
keiten  einer  aktiven  Sitzfederung  untersucht. 

Das  Aktiv-Feder-System,  bestehend  aus  einem  Servo-Hydraulik- 
zylinder,  Servoventil  und  Energiequelle  wurde  in  einem  ge- 
schlossenen  Regelkreis  mit  PD-Regler  und  StdrgrtJBenauf schal- 
tung  betrieben.  Nach  Ermittlung  der  FrequenzgAnge  der  einzel- 
nen  Bauteile  wurde  das  Aktiv-Feder-System  in  das  Fahrzeugmo- 
dell  integriert  und  eine  optimale  Abstimmung  der  Reglerkenn- 
daten  unter  Beachtung  der  Stabilitiltskriterien vorgenommen.  Bei 
Schwingungsanregung  des  Gesamtmodells  mit  harmonischen  Signa- 
len,  sowie  mit  den  Fahrbahnunebenheiten  von  LandstraBen  und 
Feldwegen  bewirkt  die  aktive  Sitzfederung  eine  deutliche  Ver- 
ringerung  der  Schwingungsbelastung  fUr  den  FahrzeugfUhrer . 

Eine  AbschBtzung  der  erforderlichen  Bedarf sleistung  des  Aktiv- 
Feder-Systems  lBBt  einen  Einsatz  nur  fClr  Schlepper  der  gehobe- 
nen  Leistungsklassen  sinnvoll  erscheinen. 
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A  THEORETICAL  INVESTIGATION  of  an  active  suspension  system  pop  wheeled 
TRACTORS 


H.  JtNKER;  A.  SEEWALD 

Inst.  f.  Kraft fahrwesen,  TH  Aaachen,  BP  Deutschland 
(Translated  by  K.G.  Hartmond,  NTAE,  Silsoe,  Ehglartd) 


IVTRCDCICnCN 

Wteeled  tractors,  because  of  their  operating  conditions  on  uneven  field 
tracks  and  in  unconsolidated  terrain,  are,  as  a  rule,  subjected  to  strong 
vertical  vibrations.  Since,  in  addition,  a  separate  suspension  system 
for  the  tractor  is  deliberately  rejected  because  of  a  conflict  of  aims 
with  the  correct  fulfilment  of  important  work  tasks,  the  driver  is  liable 
to  high  vibration  loads  which,  in  extreme  cases,  can  lead  to  reduced 
performance  and  even  damage  to  health. 

In  the  past,  clear  isprovettents  to  the  vibration  comfort  of  wheeled  trac¬ 
tors  could  be  obtained  by  means  of  improved  adjustment  and  design  of  the 
seat  suspension  and  seat  danping.  However,  in  many  instances  involving 
high  loads  excessive  demands  are  placed  on  the  conventional  passive  seat 
suspensions  currently  atployed  as  the  sole  syston  of  vibration  isola¬ 
tion  00,1 2)  .  The  well-known  physical  limits  of  s tuple  passive  suspension 
systems  stand  in  contrast  to  their  many  advantages'7'13' . 

For  this  reason  the  possibility  of  improvements  in  this  area  through  the 
use  of  an  active  suspension  system  for  the  seat  of  a  wheeled  tractor  was 
investigated  within  the  framework  of  a  project'®'  promoted  by  the  Deutsche 
Ftorschungsgemeinachaft.  Experience  gained  in  previous  work'4'11  r'5)  was 
assimilated  and,  by  focusing  on  the  seat  mounting,  the  familiar  problems 
of  active  isolation  systems  when  dealing  with  a  high-frequency  excitation 
content  and  large  working  loads  were  deliberately  set  aside. 

Analogue  simulation  technique  was  applied  to  the  theoretical  investiga¬ 
tions  carried  out.  Mathematical  models  of  the  subsystems  "vehicle"  and 
"active  suspension"  baaed  on  pertinent  data  fran  existing  ccnponents 
formed  a  starting  point  for  a  synthesis  of  the  two  subsystems  by  means  of 
an  analogue  grosB  model.  Finally,  the  dynandc  characteristics  were 
optimised  with  regard  to  minimal  vibration  loads  for  the  driver. 


WHEELED  TRACTORS  WITH  CONVENTIONAL  SEAT  SUSPENSION 

In  the  initial  research  stage  the  vibration  characteristics  of  a  standard 
wheeled  tractor  with  conventional  seat  suspension  were  analysed  to  provide 
original  data  for  the  subsequent  integration  of  the  active  suspension. 

As  a  base-line  research  vehicle  a  37  kw  tractor  was  used,  the  relevant 
technical  data  for  which  are  listed  in  Fig.  1.  Hie  data  concerning  sus¬ 
pension  stiffness  and  danping  of  the  tractor  were  taken  front'1®' . 
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Structural  nass 
Seat  mass 


=  2640 

nfc  =  120 

of  gravity 

-  front  axle 

lv  =  1.25 

of  gravity 

-  rear  axle 

1*  =  0.74 

of  gravity 

-  seat 

Is  »  0.6 

;  of  inertia 

about  the  lateral  axis 

0  =  2203 

Spring  stiffness  of  front  tyre 
Spring  stiffness  of  rear  tyre 
Spring  stiffness  of  seat 
Front  tyre  damping 
Rear  tyre  dawping 
Seat  spring  darplng 


Cv  =  50 
<^*56 
cs=  1.4 


*  3029 
kb  -  4210 
kg  =  908 

Fig.  1  Technical  data  for  a  37-kW  wheeled  tractor 
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Vehicle  model 


Because  of  the  disposition  of  the  tractor  seat  in  the  vehicle  plane  of 
synwetry  a  three-dimensional  model  could  be  dispensed  with  and  the  two- 
dimensional  model  shewn  in  Fig.  2  used  to  simulate  the  dynamic  vibration 
behaviour  of  a  wheeled  tractor. 


Seat  ♦  Driver 


Fig-  2  Two-dimensional  vibration  model  of  a  wheeled  tractor 


3IZ  3|Z  3|Z 


?01 


'Hie  springina  of  the  rtructure  is  inv>len«ited  exclusively  through  the 
front  and  rear  tyre  sv.siwision.  The  tractor  '.ody  Is  regarded,  together 
with  all  Its  ancillary  assemblies,  as  a  ricild  mass,  to  which  the  seat  Is 
linked  in  the  area  above  the  rear  ax.<‘. 

the  inferential  equations  necessary  for  describing  the  motion  character¬ 
istics  if  a  wheeled  tract  a  were  formulated  ir,  terms  of  the  parameters 
liven  in  the  nx . 

"ihratiun  ''‘"ersctorist  ics 

:n  rder  t  isi  r.-  'he  ir  vibration  -tnracteristics  the  vehicle 
sumlat  ior  -eis  excite"!  with  the  longitudinal  roughness  properties 

of  diffe'n-t  road  typ^s  as  vfll  as  witli  harmonic  signals  to  define  the 
frequency  rrspmsfts .  The  i.MChness  properties  of  a  paved  higliway  and  of 
an  r.paved  'ieid  track  were  us»i  as  representative  of  tractor  operation, 
affile  hi  ihwey  rr'jg/mess  was  measured  with  a  papose-built  measuring 
apyarat'is  *oi  .■‘yTiarric  rovnitnesj  dtUaiuinatUxi,  t!ie  field  track  properties 
were  generated  --/iithcticail . .  /Vxxinong  tin?  ratio  of  the  pjwei 

err; tv  «|v»-*-r-..i  cf  'te  mu'  vt*h  f  t  pier  ’  '  ‘  jhwnvs  U  that  ;  f  field 
tracks  is  approximately  of  the  order  of  ten.  If  the  spectral  power  den¬ 
sity  is  obtained  from  the  square  of  th»>  excitation  amplitude,  a  highway  : 
field  trade  ratio  of  amplitixie  of  1  :  10  is  obtained.  This  relationship 
is  also  reflected  in  the  jower  density  spectra  of  highway  and  field  track 
roughness  -oed,  which  are  presented  in  Fig.  3  and  were  measured  with  the 
aid  of  a  FIT  analyser.  The  measured  frequency'  responses  fc  harmonic 
excitat ojn  ct  t/je  '.yie  contact  surfaces  are  snevn  in  Fig.  4  for  different 
measuring  rcirts. 
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The  amplification  functions  of  the  body' a  centre  of  gravity,  the  seat 
linkage  point  and  the  seat  surface  are  represented  in  the  amplitude 
frequency  response.  The  function  curve  for  the  centre  of  gravity  of  the 
body  is  characterised  by  two  maxim,  which  are  defined  by  the  natural 
frequency  of  vertical  vibration  (3  Hz)  and  the  pitch  natural  frequency 
{3.75  Hz) .  Conversely,  the  seat  linkage  point  in  the  area  over  the  rear 
axle  only  shows  a  maxlnun  with  an  anplif icaticn  factor  of  5  in  the  range 
of  the  vertical  natural  frequency.  This  phenomenon  is  caused  by  the 
position  of  the  instantaneous  centre  of  the  tractor  body  pitch  vibrations 
near  the  rear  axle.  The  function  curve  of  the  seat  reaches  a  ratio  of 

amplitude  of  2.7  at  a  natural  frequency  for  the  seat  suspension  of  1.8  Hz 
continuing  to  rlee  towards  a  body  natural  frequency  of  3.5  and  then 
falling  steeply  as  frequency  increases. 


Pig.  4  Frequency  response 
of  the  two-dimensional 
vibration  model  of  a  wheeled 
tractor  with  conventionally 
sprung  seat 


Perception  strength  K,  defined  in  VDI  Standard  2057,  and  the  effective 
values  for  vertical  acceleration  were  applied  as  criteria  for  evaluating 
vibration  characteristics  during  stochastic  excitation  of  the  simulation 
model  by  means  of  the  routines*  profile  of  highway  and  field  track. 

Pig.  5  reproduces  the  measured  values  at  the  body's  oentne  of  gravity,  at 
the  seat  linkage  and  at  the  aaat  for  forward  speeds  of  12.5  km/h  and 
25  km/h.  Both  the  effective  acceleration  and  the  perception  strength 
values  shew  the  — illest  vibration  loads  for  the  measuring  point  at  the 


seat,  thus  demonstrating  that  the  convent  tonally  sprung  seat  produces  a 
certain  deqree  of  isolation. 

However,  perception  strengths  of  K>100  are  reached  over  field  tracks, 
corresponding  to  acceleration  values  of  >0.7  g.  Loads  of  this  magnitude 
lead  to  impaired  health  following  prolonged  exposure. 

Therefore,  the  possibility  is  investigated  of  effectively  reducing  these 
high  vibration  loads  on  the  driver  by  the  introduction  of  an  active  sus¬ 
pension  system. 


ACTIVE  SUSPENSION 


The  operation  of  existing  active  suspension  systems  '  '  '  '  is  based 

on  the  use  of  controlled.  Longitudinally  variable  components  for  the  sus¬ 
pension  of  the  masses  to  be  isolated.  If  the  centre 1  system  is  success¬ 
ful  in  maintaining  an  exact  phase  shift  of  180°  between  the  movement  of 
the  active  suspension  system  and  the  excitation,  a  mass  suspended  in  this 
way  will  ideally  experience  no  dynamic  forces  and  its  absolute  accelera¬ 
tion  will  be  zero.  In  previous  research (8)  the  suitability  of  various 
active  suspension  concepts  for  wheeled  tractor  seat  suspension  was 
examined,  electro-hydraulic  systems  showing  the  greatest  advantages.  By 
ccnpariaon  with  pneunatic  and  mechanical  solutions,  high-pressure  hydraulic 
systems  combined  with  electronic  control  elements  offered  high,  precise 
response  speeds  simultaneously  with  high  performance  and  dependability. 

An  active  suspension  system  consisting  of  a  hydraulic  cylinder,  a  servo¬ 
valve,  a  control  unit  and  a  power  source  was  therefore  selected,  repro¬ 
duced  as  an  analogue  simulation  model  and  its  dynamic  properties  invest!- 
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Fig.  6  shows  the  hasic  design  of  the  active 
with,  the  conventional,  passive  arrangement. 
M2  are  used  to  measure  vibration  excitation 
and  actual  value  difference. 


suspension  systan  compared 
The  measuring  points  Ml  and 
and  register  the  theoretical 


PASSIVE 


ACTIVE 


Fig.  6  Passive  and  active 
suspension  systons 


Hie  necessary  oerponents  for  a  technical  description  of  the  active  suspen¬ 
sion  layout  under  investigation  are  shown  in  the  hydraulic  circuit 
presented  in  Fig.  7, 


Fig.  7  Active  suspension 
hydraulic  circuit 


Servo- 
cylinder 


Pressure 

restriction 

vaJvc 


Motor 


Servo-valve 


Hie  servo-valve  forma  an  essential  connecting  link  between  electronics  and 
hydraulics  and  a  vital  means  of  controlling  the  hydraulic  cylinder. 

After  investigation  of  different  valve  designs  and  types  and  assessment  of 
the  required  flow  volune,  a  two-stage  production  valve  with  a  nominal 
flowrate  of  19  1/m  at  an  operating  pressure  of  210  bar  and  good  frequency 
response  was  chosen.  Since  dynamic  valve  response  under  defined  boundary 
conditions  may  be  described  by  means  of  a  second -order  linear  deceleration 


20b 


term,  it  is  legitimate  to  describe  the  valve  by  means  of  tlie  following 
secixki-oruer  differential  eijuation 


T" 

v 


.2 


•  '1 


i 


where  T  ^  -  tune  constants 


q  -  controlled  flow  voliane 

l  -  control  current 

Vv  -  amplification  factor 


The  technical  data  relating  to  the  valve  selected  are: 


1'tonufacturer 

Type 

fp  IH7.) 

D 

TV1  I™' 

Tv2  1ms) 

Max 

(76-212) 

210 

1.1 

1  .67 

0.76 

Valve  characteristics  were  reproduced  accurately  by  means  of  an  analoque 
ccnputinq  circuit  for  simulating  tte  above  differential  equation.  The 
amplitude-  and  phase- frequency  responses  shown  in  Fig.  8  display  diver¬ 
gences  between  the  physical  servo-valve  and  the  simulation  model  in  the 
higher-frequency  range  only;  these  are  small  enough  to  be  disregarded. 

Servo-cylinder  and  Servo-drive 

The  servo-cylinder,  which  functions  as  an  hydraulic  linear  motor,  trans¬ 
forms  tne  power  controlled  by  the  servo-valve  into  meclanical  power.  For 
use  in  an  active  suspension  system  a  double-acting  constant  flow  cylinder 
was  chosen,  which  had  the  following  technical  characteristics: 


Manufacturer 

s  (nm] 

V  (cm5  ] 

qes 

\  t  am' ) 

\  Ikg) 

MEBO 

100 

64 

4.9 

1 

The  cylinder  design  is  distinguished  by  a  high  deqree  of  mechanical 
efficiency.  Stlck-slip-f rec  operation  is  achieved  by  means  of  a  particu¬ 
lar  bearing  configuration  with  the  application  of  special  seals. 
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Fiq.  8  Frotjuenry  res- 
1*  rise  of  the  sciv  >- 
valve  (physical  ocm- 
ponent  and  simulation 
model ) 


A  matherot  ical  formula  in  the  form  of  a  second-order  differential  equation 
ray  similarly  be  chosen  to  ciescribe  the  dynamic  response  of  a  servo- 
cyl  inder . 


T  i  .  z  ♦  z 
z 1  z  z 


\ 


q  dt 


where  T  i ,  T  j  -  time  onstants 
z 1  z‘ 

zz  -  piston  rod  stroke 

-  effective  piston  area 
q  -  controlled  flow  volume 


Heproducinq  tlse  dif  foront  ial  txguat  ion  on  an  analogue  C'lqxitoi  creates  a 
simulation  model  for  measur  inq  the  dynamic  characteristics  of  the  servo- 
cylinder. 

The  aerial  connect  Ion  of  servo-valve  and  servo-cylinder  forms  the  servo- 
drive,  which  represents  the  controlled  ranee  in  the  closed-loop  control  of 
the  active  suspension  system.  Fig.  9  shows  the  frequency  response  of  the 
aervo-drive.  Since  the  ratio  of  amplitude  of  the  servo-valve  in  a  wide 
frequency  spectnm  is  almost  one  and  the  phase  drop  clearly  begins  earlier, 
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the  total  transnission  characterist Ice  of  the  servo-drive  are  essentially 
determined  through  the  servo-cylinder. 


The  Control  Loup 


In  the  next  research  stage  a  closed-loop  control  was  created  by  the  addi¬ 
tion  of  a  control  unit  in  order  to  improve  the  transmission  characteristics 
of  the  active  suspension  sy start  The  characteristics  of  the  control  unit 

should  be  selected  in  order  substantially  to  compensate  for  the  divergences 
of  the  servo-drive's  dynamic  response  from  the  theoretical  state,  charac¬ 
terised  as  a  ratio  of  amplitude  =  1  and  a  phase  angle  =  0°.  Since  no 
known  control  element  fulfils  the  requirement  set  of  lowering  the  ratios 
of  amplitude  in  the  range  of  the  servo-drive's  natural  frequency  while 
simultaneously  raising  the  phase  angle,  priority  was  given  to  compensating 
for  the  negative  phase  angle  on  the  basis  of  the  servo-mechanisn  to  be 
implemented.  The  differentiating  characteristics  required  for  this  were 
provided  for  by  the  choice  of  a  PD-ccntrol  unit  vrtiich  may  be  described  by 
the  following  differential  equation: 


y  =  K  (x  ♦  T 


X) 


where  T  -  time  constant 
v 


x,v  -  input  and  output  quantities 
K  -  control  constant 


Fig.  9  Frequency  response 
of  the  servo-drive  (controlled 
range) 


The  basic  design  of  the  control  loop  is  shewn  in  Fig.  10.  The  PD-oontrol 
init  formulates  a  regulating  variable  acting  upon  the  controlled  range  in 
terns  of  the  divergence  of  controlled  variable  and  theoretical  value; 
this  regulating  variable  positively  affects  the  trananlssicn  characteris¬ 
tics  of  the  servo-drive.  An  analogue  simulation  model  was  generated  to 
measure  optimal  control  characteristics  in  accordance  with  the  differen¬ 
tial  equation  of  the  PD-oontrol  unit  and  was  contained  with  models  of  the 
servo-valve  and  the  servo-cylinder.  Synchronisation  of  the  PD-oontrol 
mit  and  the  resultant  effect  an  the  trananlssicn  characteristics  arises 
from  the  contrast  between  the  frequency  responses  of  the  controlled  servo- 
drive  and  of  the  closed- loop  control  in  Fig.  11.  The  natural  frequency 
of  the  active  suspension  system  is  raised  from  45  to  to  90  Hz  by  closing 
the  control  loop  with  the  aid  of  a  PD-oontrol  unit. 


Controlled  range 


Simultaneously,  the  ratio  of  amplitude  rises  on  the  basis  of  the  damped 
characteristics  of  the  differentiating  control  fraction  and  the  phase  lag 
becomes  smaller.  Associated  research  to  further  improve  quality  of  con¬ 
trol  led  to  the  development  of  the  noise  elimination  shown  in  Fig.  10 
which  favourably  affects  the  tranwiission  character  1st ics  in  conjunction 
with  an  optimally  synchronised  matching  controller.  Frequency  response 
measured  with  noise  elimination  shews  a  natural  frequency  for  the  active 
suspension  systan  of  150  to  in  Fig.  11  by  comparison  with  the  controlled 
servo-drive  or  with  a  simple  control  loop  with  a  ID-con trol  unit.  In  a 
frequency  range  up  to  ca.  50  to  a  nearly  constant  ratio  of  amplitude  with 
a  simultaneously  reduced  phase  lag  is  achieved.  The  response  shift 
towards  higher  frequencies  is,  however,  associated  with  the  disadvantage 
of  a  rising  ratio  of  amplitude  in  the  natural  frequency  range.  In  view 
of  the  relatively  low-frequency  excitation  spectrum,  however,  only  small 
importance  should  be  attached  to  the  amplitude  rise  at  higher  frequencies. 
Before  matching  the  active  suspension  closed-loop  control  to  the  wheeled 
tractor  vibration  model ,  the  stability  of  the  control  loop  was  verified 
with  the  aid  of  the  Nyquist  criterion.  The  frequency  response  of  the 
open  control  loop  forms  the  basis  of  this  criterion. 

The  application  of  the  Nyquist  criterion  to  an  optimised  control  loop  with 
a  PD-oontrol  unit  is  shewn  in  Fig.  12.  The  frequency  response  of  the 
open  control  loop  resulting  frem  the  geometrical  addition  of  the  frequency 
responses  of  the  servo-drive  and  the  PD-oontrol  unit  provides  an  amplitude 
reserve  of  A_*  3.0  and  a  phase  reserve  of  a  *  30°  theretay  fulfilling  the 
stability  criteria  Ajj  *  1  and  Op>  0°.  * 


♦Control  loop  with  PD-contxol  unit 

♦•Control  loop  with  PD-ccntxol  unit 
and  noise  elimination 


Fig-  11  Frequency  response  of  the  aervo-drive  and  of 
the  closed- loop  control  with  and  without  noise  elimination 


FFBQUFNCY 

*TO-oontrol  vaiit 
**Open  control  loop 


Pig.  12  Stability  investigation  according  to  the 
Nyquiet  criterion 


SYNTHESIS  OF  ACTIVE  SUSPENSION  AtC  THE  WHEELED  TRACTOR 


In  order  to  match  the  active  suspension  system  to  the  wheeled  tractor 
vibration  itodel,  the  oscillator  of  the  ccnventicnal  seat  suspension  was 
replaced  by  the  closed-loop  ocntrol  of  the  active  system.  The  vertical 
movemmt  of  the  tractor  body  at  the  linkage  point  of  the  seat  suspension 
was  used  as  a  disturbance  signal. 

Vibration  properties 

The  miplitude  frequency  responses  of  the  seat  measured  for  integrated 
active  suspension  and  the  acceleration  at  the  seat  related  to  the  excita¬ 
tion  anplitude  are  ccrpered  in  Fig.  13  with  the  corresponding  curves  for 
conventional  seat  suspension.  The  active  suspension  version,  functioning 
with  noise  elimination,  shows  more  favourable  anplitude  and  acceleration 
values  as  compared  to  the  versioh  with  a  siitple  control  loop.  In  con¬ 
trast  to  the  conventional  seat  suspension,  both  active  suspension  versions 
offer  a  clearly  depressed  acceleration  level  in  the  frequency  range  up  to 
ca.  IS  Hz.  In  the  higher  frequency  range  a  steep  decrease  in  anplitude 
results  from  the  low  pass  characteristic  of  the  conventional  suspension 
vAiich,  because  of  the  negative  phase  angle  that  occurs,  the  active  suspen¬ 
sion  sy stans  are  incapable  of  following.  This  is  also  the  reascn  for  the 
higher  related  acceleration  values  of  the  active  suspension  in  the  frequency 
range  >15  Hz.  The  high  acceleration  values  occurring  in  the  natural 
frequency  range  of  the  active  suspension  system  are  of  lesser  importance  to 
the  total  vibration  load  because  of  subjective  evaluative  perception  by  the 
driver.  The  measured  values  for  the  perception  strmgth  KZ  and  the  effec¬ 
tive  acceleration  of  the  conventionally  and  actively  suspended  seats  during 
stochastic  excitation  of  the  tractor  simulation  model  with  road  surface 
roughness  are  shorn  in  Fig.  14 


•AFB  (Seat)  with  FD-ocntxol  tnit 
**AFB  (Seat)  with  FO-ocrtrol  unit  and  noise  elimination 

Fig.  13  Anplitude  frequency  response  and  related  acceleration 
for  convent ianally  (KFB)  and  actively  (AFB)  suspended  tractor  seats 
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•AFB  (Seat)  with  FO-control 
unit  and  noise  elimination 


Fig.  14  Perception  strength 
and  effective  acceleration  of 
conventionally  (KFB)  and 
actively  IATO)  spring 
tractor  seats 


A  clearly  depressed  level  of  acceleration  and  of  abjective  vibration  loads 
through  the  use  of  active  suspension  is  shown  in  the  total  forward  speed 
range.  While  the  perception  strength  for  a  conventionally  spring  seat 
during  highway  driving  and  field  track  operation  lies  between  KZ  *  30-35 
and  KZ  *  90-120,  respectively,  a  passenger  car  oemfort  level  is  achieved 
through  the  use  of  an  optimally  synchronised  active-suspension  control 
Loop  with  noise  elimination.  Howawer,  such  synchronisation  of  the  active 
suspension  system,  where  the  only  ala  is  to  minimise  vibration  loading, 
also  leads  to  comparatively  large  relative  eovesents  between  seat  and 
tractor  body.  During  field  track  operation  the  limits  of  the  cylinder 
stroke  were  often  eNoeadad,  which  rtould  be  avoided  by  naans  of  a  supple¬ 
mentary  control  loop  circuit  and  a  cylinder  end-bearing  damping.  Since, 
however,  a  large  relative  degree  of  travel  generally  renders  the  stable 
conduct  of  the  vehicle  acre  difficult,  the  uee  of  active  suspension  should 
be  extended  in  future  research  to  an  entire  cab  with  integrated  controls. 


An  approach  to  calculating  the  necessary  hydraulic  power  mjiil  iment  of  an 
active  suspension  system  is  permitted  by  the  aquation: 


P  •  — 
P  nP 


P  .  A* 


where  pimp  efficiency  rp  ■  0.85 

operating  oil  pressure  p  ■  210  bar 
piston  area  Ag  «  4.9  an* 
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For  the  measured  piston  speeds  at  the  active  suspension  cylinder  of 
0.22  m/s  during  highway  travel  and  0.67  m/s  during  field  track  operation 
at  forward  speeds  of  25  km/h,  the  calculated  power  requirement  is  equival¬ 
ent  to  2.7-8. 1  kW,  according  to  operational  mode.  Because  of  this  high 
power  requirement,  especially  during  field  track  operation,  the  use  of  an 
active  suspension  system  seems  useful  only  far  tractor  categories  with  a 
high  power  availability. 


SUMMtt 


the  theoretical  possibilities  of  an  active  seat  suspension  were  investiga¬ 
ted  with  the  aid  of  an  analogue  computer  model  designed  to  s inula te  the 
vibration  characteristics  of  a  wheeled  tractor  and  of  a  a  tuple  active 
suspension  system. 

the  active  suspension  system,  consisting  of  a  servo-hydraulic  cylinder, 
a  servo-valve  and  an  energy  source,  was  operated  in  a  closed- loop  control 
with  a  PD-ccntrol  unit  and  noise  elimination.  After  measurement  of  the 
frequency  responses  of  the  individual  components,  the  active  suspension 
system  was  integrated  with  the  vehicle  model  and  synchronisation  of  the 
control  unit  characteristics  was  optimised  in  terms  of  stability.  During 
vibration  excitation  of  the  total  model  with  harmonic  signals  and  with  the 
road  surface  roughness  of  highways  and  field  tracks  the  active  seat  sus¬ 
pension  achieved  a  clear  reduction  in  the  vibration  load  an  the  driver. 

It  was  concluded  on  the  basis  of  evaluation  of  the  necessary  power  require¬ 
ment  far  an  active  suspension  system  that  the  application  of  such  a  system 
was  useful  only  for  tractors  belonging  to  higher  power  classes. 
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LEISTUNGSSTEIGERUNG  UNO  VERBESSERUNG  DES  FAHRKOMFORTS  BE  I  SELBSTFAHRENOEN 
BAUMASCHINEN  DURCH  REDUZIERUNG  EINSATZBEOINGTER  NICK-  UND  HUBSCHWINGUNGEN 

PROF.  DR.-ING.  WOLFGANG  POPPY  /  DR.-ING.  ALFRED  ULRICH 
KONSTRUKTION  VON  BAUMASCHINEN  -  TECHNISCHE  UNIVERSITAT  BERLIN 


Selbstfahrende  ungefederte  Baumaschinen  -  wie  Radlader  und  Autokrane  - 
neigen  auf  unebener  Fahrbahn  schon  bei  niedrigen  Fahrgeschwindigkeiten  zu 
erheblichen  Nickbewegungen.  Durch  die  dabei  auftretenden  dynamischen  Bean- 
spruchungen  we r den  der  Fahrer,  die  Maschine  und  die  Fahrbahn  hoch  belastet 
und  in  ungiinstigen  Fallen  erheblich  gefShrdet. 

Eine  wtrkungsvol 1e  und  kostengiinstige  Schwingungsreduzierung  laBt  sich 
durch  die  Verwendung  der  ArbeitsausrUstung  der  Maschine  als  Absorbermasse 
erreichen,  indent  in  ihre  starre  Abstutzung  ein  Feder-Diimpfer-Element  ein- 
gefugt  wird.  Die  Auswirkungen  dieses  Schwingungsabsorbers  auf  die  Fahr- 
sicherheit,  die  Bauteilbeanspruchung  und  den  Fahrkoorfort  wurden  ant  Fach- 
gebiet  “Konstruktion  von  Baumaschinen"  der  Technischen  Universitait  Berlin 
analytisch  und  experimentell  untersucht.  Fahrversuche  mit  GerSten  unter- 
schiedlicher  GrttBe  haben  gute  Obereinstimmung  mit  den  Ergebnissen  der 
Rechnersimulation  erbracht.  Die  Verbesserung  der  Fahrsicherheit  und  des 
Fahrkomforts  liegen  bei  50  X  gegeniiber  den  konvent  lone  Hen  Maschinen. 


1.  E INLEI  TUNG 

Selbstfahrende  Erdbaumaschinen  legen  beim  Einsatz  auf  der  Baustelle  nicht 
selten  auch  ISngere  Fahrstrecken  zurUck  und  nehmen  beim  Transport  zu  den 
verschledenen  Einsatzorten  "auf  eigener  Achse"  am  bffentlichen  StraBen- 
verkehr  tell.  Aus  wirtschaftl Ichen  Griinden  wird  angestrebt,  die  Fahrzeiten 
zu  minimieren.  Der  Fahrzeugftihrer  wShlt  deshalb  nach  subjektiven  Kriterien 
die  jeweils  hbchstmogl iche  Fahrgeschwlndigkeit.  Diese  wird  jedoch  wesent- 
lich  durch  das  Schwingungsverhalten  des  Fahrzeugs  und  die  sich  daraus  er- 
gebenden  BeeintrSchtlgungen  der  Fahrsicherheit  und  des  Fahrkomforts  be- 
grenzt. 

Besonders  ungefederte  Baumaschinen  neigen  schon  bei  niedrigen  Fahrgeschwin- 
digkeiten  zu  erheblichen  Nickbewegungen,  die  zu  einer  hohen  dynamischen 
Beanspruchung  des  Fahrers,  der  Maschine  und  der  Fahrbahn  und  In  ungUnsti- 
gen  FSllen  zu  einer  erheblichen  GefShrdung  fUhren.  Eine  Erhtthung  des  Fahr¬ 
komforts,  der  Fahrsicherheit  und  der  Wirtschaftl ichkelt  ISBt  sich  durch 
Reduzierung  der  Fahrzeugschwingungen,  insbesondere  der  Nickschwingungen, 
erreichen. 


2.  MOGLICHKEITEN  FOR  DIE  SCHWINGUNGSREDUZIERUNG  AN  ERDBAUMASCHINEN 
2.1  Feder-  und  DSmpferwirkung  der  Fahrzeugreifen 

Bel  der  Mehrzahl  der  Erdbaumaschinen  1st  der  Relfen  das  allelnlge  Feder- 
Wmpfer- Element,  das  In  der  Lage  1st,  Fahrzeugschwingungen  zu  reduzleren 
(Slid  1).  Durch  Senken  der  Federstelflgkelt  (Slid  2)  und  Erhbhen  der  Rel- 
fendMmpfung  (Optimum  D«w0,25;  Blld  3)  1st  es  mbgllch,  das  Schwingungsver¬ 
halten  einer  Maschine  posltlv  zu  beelnflussen.  Der  heutlge  Stand  der  Tech- 
nlk  bei  der  Relfenentwlcklung  zelgt  jedoch,  daB  ein  weicher  Relfen  mit 
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optimalen  Oiiapfungselgenschaften  zu  Probleaien  hlnsichtlich  der  Lebensdauer 
des  Re i fens ,  z u  erhobtem  Rol lwlderstand  und  zur  Mlndcrung  der  LenkfVMg- 
kelt  des  Fahrzeugs  fiihrt. 


Bild  1.  Reifen  als  Feder-  und  DJSmpfer-Element  beim  Radlader 


AMtakan 


Slid  2.  Achsbeschleunlgung  In  Abhinglgkelt  von  der 
Federsteiflgkelt  der  Reifen 
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Bild  3.  Achsbeschleunigung  in  Abbangigkeit  von  der 
Reifendampfung 


<\2  Achsfederungen 

Der  Einbau  von  Feder-  und  Dampfer-Elementen  zwischen  Fahrzeugachsen  und 
Aufbau  ist  die  am  haufigsten  verwendete  und  wirkungsvollste  Methode,  Fahr 
zeugschwingungen  zu  reduzieren.  Bei  mobilen  Baumaschinen  ist  eine  Achsfe- 
derung  beim  Arbeitseinsatz  jedoch  haufig  unerwunscht. 

Durch  einstellbare  und  sperrbare  hydropneumatische  Feder-  und  Dampfer-Ele 
mente  kann  die  Federung  im  Fahrbetrieb  ein-  und  beim  Arbeitseinsatz  ausge 
schaltet  werden.  In  Bild  4  und  5  ist  die  Anordnung  und  Steuerung  einer  hy 
dropneumatischen  Achsfederung  dargestellt. 


Bild  4.  Radlader  mit  Feder-  und  DSmpfer-Elementen  zwischen 
Achsen  und  Aufbau 
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E'.l  )  .  L c r 3 1 1 p t a n  einer  hydropneumat i schen  Achsfederung 

I  telneyer  ) 


2 .  1  V  -wi ngungsabsorber 

Eire  wi rkunqsvol le  und  kostengunstige  Schwingungsreduzierung  laBt  sich 
durcb  die  Verwendung  der  Arbei tsausrustung  der  Maschine  als  Absorbermasse 
erreuhen  (Bild  6).  AH  Feder-Dampfer-Element  wird  eln  Membran-Druckspei - 
rhc-  in  Ve  bindung  mit  einem  Drosselventi  1  geschaltet  (Bild  7).  Die  Feder- 
konstante  jnd  das  DampfungsmaB  des  Feder-Dampfer-El ementes  werden  so  aus- 
ie!ei;T,  la  '  s  ir  Bezug  auf  die  Schwingungen  der  Frdbaumaschine  als  Breit- 
h.ii  V  '  1  ge >  wirkt. 


Bild  6.  Verwendung  der  ladeeinrichtung  als  Absorbermasse 
zur  Schwingungsreduzierung 
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t  4/4-Wegeventi 1 

2  Hubzylinder 

3  2/2-Wegeventi 1 

4  Drossel 

5  Speicher 


Bild  7.  Anordnung  eines  Speichers  im  Kreislauf  der 
Hubzylinder  eines  Radladers 


3.  SCHWJXGUWGSyERHALTEW  EINES  RADLADERS 
3.1  Rec  hner s imu 1  a  t i on 


Fur  die  analytischen  Untersuchungen  wurde  ein  Radlader  gewahlt.  Das  ungefe- 
derte  Zweiachsfahrzeug  hat  iiber  vier  Rader  Kontakt  zur  Fahrbahn,  deren  Un- 
ebenheiten  als  Schwingungen  Uber  die  Reifen  und  Achsen  auf  den  Fahrzeug- 
rahmen  Libert ragen  werden. 

Das  vertikale  Schwingungsverhalten  des  Radladers  lSBt  sich  wegen  der  Fahr- 
zeuglSngssywwetrie  an  Hand  eines  ebenen  Schwingungsersatzmodel Is  betrach- 
ten,  wie  es  in  Bild  8  fur  einen  Radlader  mit  elastisch  abqestiitzter  Ar- 


Bild  8.  Schwingungsersatzsystew  eines  Radladers  mit 
elastisch  abgestiitzter  Arbeitsausriistung 
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beitsausrustung  dargestellt  ist.  Fur  die  Berechnungen  mu6  dabei  die  Halfte 
der  Fahrzeugmasse  bzw.  des  Fahrzeugtragheitsmomentes  herangezogen  werden. 

Ausgehend  von  diesem  Ersatzmodell  werden  die  Bewegungsgleichungen  fur  die 
Zuck-,  Hub-  und  Nickschwingungen  des  Radladers  und  seiner  Arbeitsausrii- 
stung  aufgestellt  und  mit  einem  Analogrechner  gelost. 

Zur  Nachbi Idung  der  Fahrbahnunebenheiten  bei  der  analogen  Simulation  dient 
ein  Rauschgenerator ,  der  eine  regel  lose  Ausgangsspannung  U(t)  liefert.  Hit 
diesem  Fahrbahnsignal  wird  die  Vorderachse  des  Radladers  direkt  angeregt, 
wahrend  die  Erregung  an  der  Hinterachse  uber  ein  Laufzeitgl ied  eingeleitet 
wird,  das  aus  Radstand  und  Fahrgeschwindigkeit  berechnet  wird. 

Als  Beurtei lungsgroBe  fiir  die  Fahrsicherheit  dient  die  dynamische  Radlast 
an  Vorder-  und  Hinterachse,  zur  Beurteilung  des  Fahrkomforts  die  vertikale 
und  horizontale  Si tzanregungsbeschleunigung. 

Bei  der  analogen  Simulation  ist  die  Verwendbarkeit  der  Rechenergebni sse 
eng  mit  der  Eingabe  real istischer  Fahrzeugdaten  verkniipft.  Fiir  gelande- 
gangige  Fahrzeuge,  speziell  fur  mobile  Erdbaumaschinen,  stehen  die  grund- 
legenden  schwingungstechnischen  KenngroBen  (Gewichte,  Abmessungen,  Schwer- 
punktlagen,  Massentragheitsmomente)  nur  in  Einzelfaillen  Oder  unvol IstSndig 
zur  Verfugung.  Die  notwendigen  Werte  wurden  deshalb  aus  Firmenangaben  Oder 
durch  eigene  exper imentel le  Untersuchungen  ermittelt. 

Entscheidend  fur  eine  genaue  Berechnung  des  Schwingungsverhal tens  ungefe- 
derter  mobiler  Baumaschinen  ist  auch  die  genaue  Kenntnis  der  Feder-  und 
Dampferkennwerte  der  Reifen.  Vorhandene  statisch  ermittelte  Reifenkenn- 
werte  nichtrol lender  Reifen  weichen  vom  tatsachlich  auftretenden  dynami- 
schen  Verbal  ten  so  weit  ab,  daB  sie  fiir  die  Simulation  nicht  geeignet  Sind. 
Die  damit  erzielten  Rechenergebni sse  konnen  nur  Tendenzen  angeben.  Die 
dynamische  Reifeneinfederung  wurde  deshalb  am  rollenden  Rad  bei  wirklichen 
Fahrvorgangen  ermittelt.  Sie  liegt  gegeniiber  der  statischen  Federkonstanten 
fur  die  untersuchten  Fahrzeugrei fen  (12.5-20,  10  PR  und  17.5-25,  12  PR)  im 
Mittel  um  20  *  niedriger. 

Zur  Ermittlung  der  fur  die  Simulation  benutzten  Reifendampfung  wurden  Er- 
gebnisse  von  Mitschke  (1)  verwendet.  Damit  lieBen  sich  in  Abhangigkeit  von 
der  jewel ligen  Achsresonanzfreguenz ,  dem  Reifeninnendruck  und  dem  Fahrzeug- 
gewicht  die  Diimpfungskonstanten  der  benutzten  Fahrzeugrei fen  bestimmen. 
Hegen  des  schmalen  Frequenzspektrums ,  das  eine  ungefederte  mobile  Bauma- 
schine  aufweist,  ist  dies  eine  brauchbare  Annaherung  an  die  wirkliche  Rei¬ 
fendampfung,  wenn  die  Unterschiede  zwischen  statischer  und  dynamischer 
Reifendampfung  nur  gering  sind. 


3.2  Ergebnisse  der  Rechnersimulation 

Die  Beziehung  zwischen  Fahrzeugmasse,  Massentragheitsmoment  (Y-Achse)  und 
Schwerpunktlage  bewirkt  bei  mobilen  Baumaschinen  eine  Starke  Kopplung  zwi¬ 
schen  der  Vorder-  und  der  Hinterachse.  Dies  wird  durch  die  Koppelmasse  aus- 
gedruckt.  Sind  Teile  der  Fahrzeugmasse  -  wie  beim  Radlader  -  auBerhalb  des 
Radstandes  angeordnet,  so  1st  die  Koppelmasse  negativ.  Derartige  Fahrzeuge 
neigen  schon  bei  niedrigen  Fahrgeschwindigkeiten  zu  starken  Nickbewegungen, 
was  die  Fahrsicherheit  durch  hohe  dynamische  Radlasten  und  den  Fahrkomfort 
durch  starke  Si tzanregungsbeschleunigungen  in  vertikaler  und  horizontaler 
Richtung  erheblich  verschlechtert. 
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Ein  weiteres  charakteristisches  Merkmal  1st  das  Auftreten  von  zwei  Reso- 
nanzstellen  bei  der  Obertragungsfunktion  der  dynamischen  Radlasten  (Bild  9 
und  10).  Die  erste  Resonanzstel le  wird  durch  Nick-,  die  zweite  hoherfre- 
quente  Resonanzstelle  durch  Hubbewegungen  erzeugt,  d.h.,  die  groBten  dyna- 
mischen  Radlasten  werden  durch  Nickbeschleunigungen  verursacht. 

Fur  die  Koppelmasse  «  0  ist  das  Obertragungsverhalten  an  den  Fahrzeug- 
achsen  unabhangig  von  <ier  Fahrgeschwindigkeit.  Bei  negativer  Koppelmasse 
zeigt  sich  hingegen  eine  systematische  Abhangigkeit  (Bild  9  und  10).  Dieses 
Verbal  ten  ist  kennzeichnend  fur  nassengekoppelte  Zwei mas sen Schwinger  und 
macht  es  erforderl ich ,  die  gewahlten  Beurtei lungsgroBen  stet.,  im  Zusammen- 
hana  mit  der  Fahrgeschwindigkeit  zu  betrachten. 


Ft«qu»nj 


Bild  9.  VergroBerungsfunktion  der  dynamischen  Vorderachslasten  fur 
einen  Radlader  mit  Starr  abgestutzter  Arbeitsausrustung 


Firquvnz 
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Bild  10.  VergroBerungsfunktion  der  dynamischen  Hinterachslasten  fur 
einen  Radlader  mit  starr  abgestutzter  Arbe i tsausrustung 
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Die  Sehwingungsbeanspruchung  des  Henschen  ist  bei  der  Bedienung  selbstfah- 
’■ender  Bautnascbinen  durch  die  geringe  Rei fendampfung  allgemein  recht  hoch. 
Die  Lage  des  Si tzbefest igunqspunktes  ist  dabei  eine  konstruktive  GroBe, 
die  die  Fahrers i tzbeschleunigung  negativ  beeinflussen  kann.  Im  Schwer- 
punkt  des  Fahrzeugs  ist  die  vertikale  Bescbleunigung  am  geringsten  (Bild 
11)  und  dies  damit  der  gunstigste  Si tzbefest igungspunkt .  Diese  Anordnung 
laBt  sich  aus  konstruktiven  Grijnden  nicht  bei  alien  Maschinen  verwirkli- 
chen.  Bei  Autokranen  kamen  zum  Beispiel  Sitzanordnungen  von  der  Vorder- 
achse  bis  hin  zum  Schwerpunkt  vor. 


Bild  11.  Vertikalbeschleunigung  zwischen  den  Fahrzeugachsen 
bei  einem  Radlader 


4.  SCHW I NGUNGSRE  DUZ I ERUNG  DURCH  ABSORPTION 


4.1  Prmzip  fines  dynamischen  Schwingungsabsorbers 

Die  kti>-kungsweise  --ines  dynamischen  Schwingungsabsorbers  laBt  sich  prinzi- 
piell  an  emem  E i rimas sense hwinger  erklaren,  der  mit  einer  zweiten  elastisch 
angekoppel ten  Masse  ausgerustet  ist  (Bild  12). 


Bild  12.  Dynaroischer  Schwingungsabsorber 


Der  Absorber  ist  in  Prinzip  ein  Resonanzsystem ,  das  auf  der  schwinqenden 
Struktur  angebracht  wird  und  den  z u  reduz ierenden  Schwingungen  entgegen- 
wi rkt . 


Ist  der  Absorber  so  auf  das  Hauptsystem  abgestimnt,  dab  das  Verhaltnis  der 
Resonanzfrequenzen  v  =  1  ergibt  und  der  Dampfungsgrad  k  =0  ist,  wird  die 
Resonanzstelle  des  Hauptsystems  vollstandig  absorbiert  ( B i 1 d  13).  Diesem 
gewunschten  Verhalten  steht  als  Nachteil  entgegen,  daB  zwei  zusatzliche 
Resonanzstellen  auftreten.  Bei  einer  unendlichen  Absorberdampfung  k  -  no 
ist  die  Absorbermasse  mit  der  Hauptmasse  so  verbunden,  daB  sie  sich  nicht 
gegeneinander  bewegen.  Das  Absorbersystem  ist  dabei  vollig  funktionslos , 
so  daB  die  eigentlich  zu  absorbierende  Resonanzstel 1e  wieder  auftritt. 

Zwischen  den  extremen  Dampfungswerten  k  =  0  und  k  -  <»■  gibt  es  eine  Damp- 
fung,  bei  der  das  Hauptsystem  die  kleinsten  Schwingungen  ausfiihrt. 


Frcquenzyerhdttnis  u/N 


Bild  13.  Obertragungsfunktion  eines  dynamischen  Absorbers 
bei  unterschiedl icher  Dampferabstimmung 


4.2  Absorberabstimwung  im  Hinblick  auf  Fahrkomfort  und  Fahrsicherheit 

Bei  der  Wahl  der  gunstigsten  Absorberabstimmung  zeigen  sich  fur  die  dyna¬ 
mischen  Radlasten  und  die  Fahrersitzanregungsbeschleunigung  unterschied- 
liche  Abstinwnungsfrequenzen,  jedoch  annahernd  gleiche  Dampfungsgrade  von 
0*0,3.  Diese  Dampfung  ist,  wie  Untersuchungen  bei  der  Massentragheits- 
momentenbestinmung  von  Absorbermassen  beim  Radlader  zeigen,  praktisch  nicht 
real isierbar.  Vielmehr  muB  mit  einer  eigenen  Dampfung  von  D  as  1  gerechnet 
werden . 

Die  in  Bild  14  bis  25  dargestel 1  ten  Rechenergebnisse  zeigen  das  Verhalten 
bei  dieser  hohen  Dampfung  und  einer  Absorberf requenz  von  1,4  Hz,  die  einen 
KompromiB  zwischen  Fahrkomfort  und  Fahrs icherheit  bilden. 
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Die  Linearspektren  der  dynamischen  Radlasten  (Bild  16  bis  19)  und  der  Sitz- 
anregungsbeschleunigungen  (Bild  22  bis  25)  machen  deutlich,  daB  die  ma&geb- 
liche  Reduzierung  der  Fahrzeugschwingungen  bei  der  ersten  Resonanzuberhbhung 
(Nicken)  erreicht  wird. 


Bild  14.  Radlastfaktor  an  der  Vorderachse  in  AbhSngigkeit  von  der 

Fahrgeschwindigkeit  bei  unterschiedl icher  Absorberabstlmnung 


Bild  15.  Radlastfaktor  an  der  Hinterachse  in  AbhSngigkeit  von  der 

Fahrgeschwindigkeit  bei  unterschiedl  icher  Absorberabstiimung 
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Fr*qu*iu 


Bild  16.  Linear-Spektrum  der  dynamischen  Vorderachslasten  eines 
Radladers  mit  starr  abgestliUter  Arbeitsausriistung  in 
Abhangigkeit  von  der  Fahrgeschwindigkeit 


Bild  17.  linear-Spektrum  der  dynamischen  Vorderachslasten  eines 
Radladers  mit  elastisch  abgesttitrter  Arbeitsausriistung 
in  Abhangigkeit  von  der  Fahrgeschwindigkeit 


Frvquanc 


linear-Spektrumder  dynamlschen  Hinterachslasten  elnes 
Radladers  mlt  starr  abgestUtUer  ArtoeltsausHJstung  In 
Abhangigkei t  von  der  Fahrgeschwlndlgkelt 


ffiguwi 


linear-Spektrun  der  dynanlschen  Hinterachslasten  elnes 
Radladers  nit  elastlsch  abgestiitzter  ArbeltsausrUstung 
in  AbhAnglgkelt  von  der  Fahrgeschnlndlgkelt 


Xi,n-RMS 
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Bild  20.  Vertikale  Fahrersitzanregungsbeschleunigung  in 
AbhSngigkeit  von  der  Fahrgeschwindlgkeit  bei 
unterschiedl icher  Absorberabstiramung 


FohrgeschwtndigkaM  v 


Bild  21.  Horizontal*  Fahrersitzanregungsbeschleunigung 
in  Abhangickeit  von  der  Fahrgeschwindigkeit  bei 
unterschiedl  icher  Absorberabstinmung 


imOr«p«k!fum 


Fi*qu*n* 


Bi  Id  22.  Linear-Spektrum  der  vertikalen  Fahrersitzanregungs- 

beschleunlggng  elnes  Radladers  mlt  starr  abgestUtzter 
Arbeitsagsrustgng  in  Abhingigkelt  von  der  Fahrge- 
schwindigkelt 


Frtquanz 


Bild  23.  tinea r-Spektrum  der  vertikalen  Fahrers i tzanregungs 
beschleunlgung  elnes  Radladers  nit  elastfsch  abge¬ 
stUtzter  Arbeitsausriistung  In  AbhJnglgkeit  von  der 
Fahrgeschwindigkelt 


Fr«|u*nj 


Bi  Id  24.  1 1 nea  r - Spek  t  r um  der  honzontalen  Fahrersitzanregungs- 
beschleunigung  ernes  Radladers  mit  Starr  abgestiitzter 
Arbei tsausrustung  in  Abhangigkeit  von  der  Fahrge- 
schwindigkeit 


F'rqv 


Bild  25.  Linear-Spektrum  der  horizontalen  Fahrersitzanregungs- 

beschleunigung  eines  Radladers  mit  elastisch  abgestiitzter 
Arbei tsausrustung  in  Abhangigkeit  von  der  Fahrgeschwin- 
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4 .3  Absorberbewegung 

Bei  der  praktischen  Realisierung  einer  Absorption  von  Fahrzeugschwingungen 
durch  Verwendung  der  Arbei tsausrustung  a  1 s  Absorbermasse  ist  die  dabei 
auftretende  Absorberbewegung  im  Hinblick  auf  die  beim  Befahren  offentli- 
cher  StraBen  geltenden  Sicherheitsvorschriften  von  besonderer  Bedeutung. 
Oie  Relati vbewegung  zwischen  Fahrzeug  und  Arbei tsausrustung  soil  mbglichst 
gering  sein. 

Oie  in  Bild  26  dargestellte  relative  Ampl itudenverteilung  zeigt,  daB  die 
benotigte  Absorberbewegung  selbst  bei  optimaler  Absorberabstimmung  nicht 
groBer  als  i  30  mu  wird.  Bei  Verwendung  einer  real istischen  Absorberdamp- 
fung  von  0*1,0  reduziert  sich  der  maximal  benotigte  Absorberweg  auf 
t  15  mm.  Derartig  kleine  Relati vbewegungen  der  Arbeitsausriistung  lassen 
sich  ohne  Schwierigkei ten  konstruktiv  verwirkl ichen. 


Absorberbewegung  Za 

Bild  26.  Relative  Ampl itudenverteilung  der  Bewegung  der  Arbeits- 
ausriistung  bei  unterschiedl  icher  Absorberabstliwiung 


5.  FAHRVERSUCHE 


7ur  Oberpriifung  der  durch  die  Rechnersimulation  gewonnenen  Ergebnisse  wur- 
den  Fahrversuche  mit  einem  der  Simulation  zugrunde  gelegten  Radlader 
durchgefuhrt.  Oiese  ergaben  eine  gute  Oberelnstimmung  mit  der  Rechnung, 
insbesondere  hinsichtlich  der  erzielbaren  Schwingungsreduzierung  (Bild  27 
bis  29). 

Bemerkenswert  sind  Verbal  ten  und  AuBerungen  des  Fahrers,  der  den  Versuchen 
zunachst  mit  groBter  Skepsis  gegenuberstand,  nach  den  Fahrten  mit  dem 
Schwingungsabsorber  auf  diesen  aber  nicht  mehr  verzichten  wollte.  Gerade 
die  Vertrautheit  mit  dem  ubl ichen  Schwingungs verbal  ten  der  selbstfahrenden 


.  ... 


Baumaschinen  hat  zu  der  allgemein  anzutreffenden  Vorstellung  gefiihrt,  daB 
dies  nomal  und  nicht  anderungsbedurf tig  ist.  Dem  stehen  die  uberzeugenden 
Ergebnisse  und  Erfahrungen  mit  der  Schwingungsabsorption  durch  elastisches 
Abstutzen  der  Arbeitsausrustung  entgegen. 


0  1  2  3  4  5  6  7  Hz  8 


Frequenz  f 

Bild  27.  Schwingungsreduzierung  an  der  Vorderachse  eines  Radladers 


0  I  2  3  4  5  6  7  Hz  8 


Frequenz  f 

Bild  28.  Schwingungsreduzierung  an  der  Hinterachse  eines  Radladers 
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Bild  29.  Schwingungsreduzierung  am  Fahrersitz  elnes  Radladers 


6.  ZUSAW1ENFASSUNG 


In  analytischen  und  experimentel len  Untersuchungen  werden  der  Fahrkomfort 
und  die  Fahrsicherheit  ungefederter  selbstfahrender  Baumaschinen  mit  star- 
rer  und  elastischer  Abstutzung  der  Arbeitsausriistungen  betrachtet.  Fahr- 
zeuge,  bei  denen  ein  wesentlicher  Tell  der  Fahrzeugmasse  auBerhalb  des 
Radstandes  angeordnet  ist  -  wie  dies  bei  Radladern  stets  der  Fall  1st 
neigen  schon  bei  niedrigen  Fahrgeschwindigkei ten  zu  starken  Nickbewegun- 
gen,  die  die  Fahrsicherheit  und  den  Fahrkomfort  erheblich  beeintrlichtlgen 
konnen. 

Als  BeurteilungsgroBen  fur  die  Fahrsicherheit  dienen  die  dynamischen  Rad- 
lasten  und  fur  den  Fahrkomfort  die  vertikale  und  die  horizontale  Fahrer- 
sitzanregungsbeschleunigung.  Die  AbhSngigkeit  der  dynamischen  Radlasten 
und  der  Sltzanregungsbeschleunigung  von  der  Fahrgeschwindigkeit  ist  bei 
diesen  Fahrzeugen  sehr  unterschledlich,  so  daB  die  SchwingungsgroBen  stets 
fur  den  gesamten  Geschwindigkeitsbereich  betrachtet  werden  miissen. 

Die  Lage  des  Sitzbefestigungspunktes  zum  Gesamtschwerpunkt  des  Fahrzeugs 
ist  entscheldend  fur  die  Auswirkungen  der  Nickbeschleunlgungen  auf  die  Be- 
anspruchung  des  Fahrers.  Durch  elastisches  AbstUtzen  der  Arbeitsausriistung 
und  ihre  Venvendung  als  Absorbermasse  kann  das  Schwingungsverhalten  der 
Maschinen  wesentlich  verbessert  werden. 

Bei  der  Abstimmung  des  Absorbers  In  Bezug  auf  die  grdBtmttgl iche  Reduzierung 
der  dynamischen  Radlasten  und  der  Sltzanregungsbeschleunigung  muB  ein  Kom- 
promlB  zwlschen  Fahrsicherheit  und  Fahrkomfort  getroffen  werden,  wie  er 
bei  der  Auslegung  von  Achsfederungen  Ubllch  ist. 

Die  belm  elastischen  Abstutzen  der  Arbeitsausriistung  auftretenden  Relativ- 
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bewegunger  ,'«:3chcn  Arbe  1 1 sausrustung  und  Fahrzeugrahmen  betragen  bei  ei- 
ner  in  den  Prams  rea 1 i st i schen  Absorberdampfung  von  D  a  1  etwa  t  16  mm. 
Derartig  Heine  Relativbewegungen  der  Arbeitsausrustung  lassen  sich  ohne 
Schwierigkeiten  konstruktiv  verwirkl ichen. 

Insgesamt  zeiqen  die  vorliegenden  Ergebnisse,  daB  mit  dent  Prinzip  der 
Schwinqunqsjbsorpt ion  eine  betrachtl iche  Erhohung  des  Fahrkomforts  und  der 
fahrs icherheit  ungefederter  selbstfahrender  Baumaschinen  erzielt  werden 
*ann.  Fahrversuche  mit  einem  Radlader  bestatigen  die  Ergebnisse  der  Rech- 
nersimulation. 
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INCREASE  IN  PEPfDFMANCF  At®  IMPRCVHMQfT  OF  RIDE  CCMFORT  OF  SELF-PROPEUiD 
CONSTRUCTION  MACHINERY  BY  REDUCING  PITCH  AND  VERTICAL  VIBRATION 

PROF.  DR.-ING.  W.  POPPY  and  DR. -INC.  A.  ULRICH 
KCNSTHUKTION  \®N  BALMASCHINEN ,  TBCMTCSOffi  LNIVERSITAT,  BEK. IN 
(Translated  by  Miss  G.  Batonan,  NTAE,  Silsoe,  England) 


Self-propelled  unsprung  construct icn  machines  -  such  as  tractor- loaders 
and  mobile  cranes  -  are  prone  to  pronounced  pitching  motion  on  uneven 
driving  surfaces  even  at  low  forward  speeds.  Because  of  the  dynamic 
loads  which  thus  occur,  the  driver,  machine  and  the  driving  surface  are 
highly  stressed  and  in  unfavourable  conditions  are  considerably  endangered.  ^ 


An  effective  and  cheap  method  of  reducing  vibration  is  the  use  of  the 
working  attachment  of  the  machine  as  an  absorbing  mass,  with  a  spring  and 
danping  element  set  in  its  rigid  support.  The  effect  of  this  vibration 
absorber  on  safety,  construction  element  stresses  and  ride  comfort  was 
analytically  and  experimentally  Investigated  in  the  "Konstruktlcn  von 
Baunaschinen"  (Construction  machinery  design  department)  at  the  Techniache 

N 

Uhiversitat,  Berlin  Driving  tests  carried  out  with  equipment  of  various 
sizes  correlated  well  with  oonputer  simulation  results.  Ride  safety  and 
ocmfort  are  ixrproved  by  approximately  50%  in  caparison  with  conventional 
machines. 

1 .  Introduction 

When  used  on  a  construction  site  self-propelled  earth  moving  machines 
frequently  have  to  travel  long  distances;  they  are  also  used  on  the 
public  roads  for  transport  to  various  locations.  For  economic  reasons  it 
is  desirable  to  reduce  driving  time  to  a  minimum  and,  moreover,  acting  on 
subjective  criteria,  the  driver  of  the  vehicle  selects  the  highest  speed 
possible  for  the  conditions.  Speed  is,  however,  essentially  limited  by 
the  vibration  behaviour  of  the  vehicle  and  considerations  of  ride  safety 
and  ounfort  which  result  from  this. 

Unsprung  construction  machinery  in  particular  is  prone  to  considerable 
pitching  motion  even  at  low  forward  speeds;  this  gives  rise  to  high 
dynamic  stresses  cn  the  driver,  the  machine  and  tte  driving  surface  and 
in  unfavourable  conditions  can  be  extremely  dangerous.  Ride  ocmfort  and 
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safety  and  economic  efficiency  can  be  increased  by  reducing  the  vehicle 
vibration,  in  particular  the  pitching  notion. 

2.  Alternatives  for  vibration  reduction  on  earth  mov 


effect 


Tyres  are  the  only  suspension  elements  on  the  majority  of  construction 
machines  (Fig.  1) .  By  reducing  the  spring  stiffness  of  the  tyres  (Fig.  2) 
and  increasing  the  damping  ratio  (Optinun  D  *  0.25;  Fig.  3)  it  is  possible 
to  improve  the  vibration  behaviour  of  a  machine.  The  present  state  of 
technical  development  of  tyres,  however,  shows  that  a  soft  tyre  with  opti- 
nun  danplng  characteristics  gives  rise  to  problems  with  regard  to  the  use¬ 
ful  life  of  tyres,  increased  rolling  resistance  and  a  reduction  in  vehicle 
steerability. 


Fig.  1  Tyres  as  spring  and  damping  elements  on  a  tractor- loacter 


undesirable  on  mobile  construction  machines  when  they  are  in  operation. 


2.3  Vibration  absorber 


An  effective  and  cheap  method  of  reducing  vibration  is  the  use  of  tie  work- 
lnq  attachment  of  the  machine  as  the  absorbing  mass  (Fig.  6) .  A  hydraulic 
accumulator  connected  to  a  pressure  regulating  valve  is  used  as  the  spring 
and  danping  element  (Fig.  7) .  The  spring  rate  and  the  danping  coefficient 
of  the  element  are  arranged  so  that  they  absorb  machine  vibration  over  a 
wide  band  width. 


Fig.  6  Use  of  the  loading  device  as  an  absorbing  mass 
to  reduce  vibration 


•<  a 

Fig.  7  Arrangement  of  an  accumulator  in  the  circuit  of 
the  lifting  cylinder  o*  a  tractor- loader 


240 


3 .  Vibration  behaviour  of  a  tractor- loader 
3.1  Computer  simulation 

A  tractor-loader  was  selected  for  the  analytical  investigations.  "Hie 
unsprung  two-axle  vehicle  has  contact  with  the  driving  surface  over  four 
wheels;  the  unevenness  of  the  surface  is  transmitted  via  the  tyres  and  the 
axles  to  the  vehicle  frame  in  the  form  of  vibrations. 

Because  of  the  lateral  symmetry  of  the  vehicle  the  vertical  vibration 
behaviour  of  the  tractor- loader  can  be  observed  usino  a  "bicycle"  vibration 
simulation  model,  as  is  shorn  in  Fig.  8  for  a  tractor- loader  with  an  elas¬ 
tically  supported  working  attachment.  Half  of  the  vehicle  mass  and  the 
moment  of  inertia  must  be  used  for  the  calculation. 
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Fig.  8  Vibration  simulation  system  of  a  tractor- loader  with 
elastically  supported  working  attachment 

CP  the  basis  of  this  simulation  model  the  equations  of  motion  for  the  longi¬ 
tudinal,  vertical  and  pitching  motion  of  the  tractor- loader  and  its  work 
attaefment  have  been  established  and  solved  usinq  am  analogue  computer . 

In  order  to  simulate  the  surface  unevenness  in  the  analogue  simulation  a 
signal  generator  is  used,  which  delivers  a  random  voltage  U(t) .  The  front 
axle  of  the  tractor- loader  is  directly  excited  by  this  signal,  while  the 
excitation  of  the  rear  axle  is  passed  in  via  a  delay  line,  which  is  cal¬ 
culated  from  the  >4ieel  base  and  forward  speed. 
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The  dynamic  wheel  load  an  the  front  and  rear  axle  la  uaad  to  evaluate 
safety  and  the  vertical  and  horizontal  acceleration  of  the  seat  to  evaluate 
ride  comfort . 

The  usefulness  of  results  obtained  by  ccrputer  emulation  la  highly  depen¬ 
dent  an  tie  input  of  realistic  vehicle  data.  Cnly  in  a  few  cases  are  the 
basic  vibration  characteristics  (weight,  dimensions,  position  of  centre  of 
gravity,  mass  moment  of  inertia)  available  for  cross  country  vehicles, 
particularly  for  mobile  construction  machinery,  or  it  may  be  that  these 
characteristics  are  incomplete.  The  necessary  values  were  therefore 
determined  from  data  supplied  by  the  manufacturer  or  by  one ' s  own  experi¬ 
mental  investigations. 

Precise  knowledge  of  the  spring  and  danping  characteristics  of  tyres  is 
also  important  for  exact  calculation  of  the  vibration  behaviour  of  unsprung 
mobile  construction  machinery.  Available  statically  determined  tyre  char¬ 
acteristics  of  non-rolling  tyres  deviate  from  the  dynamic  behaviour  whicl 
actually  occurs  to  such  an  extent  that  they  are  not  suitable  for  simula¬ 
tion.  The  simulation  results  obtained  using  these  characteristics  can 
only  Indicate  general  trends.  Dynamic  tyre  stiffness  was  therefore  deter¬ 
mined  using  a  rolling  driving  wheel.  It  is  an  average  approximately  20% 
lower  whai  oonpared  with  the  static  stiffness  for  the  vehicle  tyres  inves¬ 
tigated  (12.5-20,  10  PR  and  17.5-25,  12  PR). 

Results  obtained  by  Mitachke ( 1  *  were  used  to  determine  the  tyre  danping 
used  for  the  simulation.  These  results  enable  the  danping  coefficients 
of  the  vehicle  tyres  used  to  be  determined  in  relation  to  the  respective 
axle  resonance  frequency,  tyre  pressure  and  vehicle  weight.  Because  of 
the  narrow  frequency  spectrum  of  an  unsprung  mobile  construction  machine, 
this  is  a  usable  approximation  of  the  actual  tyre  danping,  if  there  is 
only  a  slight  difference  between  static  and  dynamic  tyre  danping. 

3.2  Results  of  the  oonputer  simulation 

The  relationship  between  vehicle  mass,  mass  moment  of  Inertia  (Y-axis)  and 
position  of  the  centre  of  gravity  gives  a  strong  coupling  between  the  front 
and  rear  axles  or  mobile  machines.  This  is  expressed  by  the  coupling 
mss.  If  parts  of  the  vehicle  mass  -  as  is  the  case  with  tractor- loaders 
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-  are  outside  the  wheel  base,  then  the  coupling  mass  is  negative.  Such 
vehicles  are  prone  to  pronounced  pitching  motion  even  at  low  forward  speeds, 
which  considerably  affects  safety  because  of  high  dynamic  wheel  loads  and 
influences  ride  ocmfort  by  strong  excitation  accelerations  of  the  seat  in 
the  vertical  and  horizontal  direction. 


A  further  characteristic  is  the  oocurrsnoe  of  two 


in  the  trans¬ 


fer  fwctlon  of  the  dynastic  wheel  loads  (Pigs.  9  and  10) .  The  first  res¬ 
onance  point  is  caused  by  pltchivj,  the  aeocnd  higher  frequency  point  by 
vertical  acMemstts,  i.e.  the  greatest  dynamic  wheel  loads  are  caused  fay 
pitching  aooelerat  Icn . 


The  trannalesicn  behaviour  on  the  vehicle  axles  is  independent  of  forward 
speed  for  the  ooqpllng  mass  -  0.  However,  for  negative  coupling  ansae 
there  is  a  systematic  dependency  (Figs.  9  and  10) .  This  behaviour  is 
characteristic  far  ones  coupled  two  mass  vibrating  systems  and  means  that 
the  selected  evaluation  variables  must  be  constantly  observed  in  relation 
to  forward  speed. 


freouency 


Fig.  9  Amplification  function  of  the  dynwsic  front-axle  loads 

for  a  tractor- loader  with  rigidly  supported  working  attachnent 
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Fig.  10  Anplif icatian  function  of  the  dynamic  rear-axle  loads  for 

a  tractor- loader  with  rigidly  supported  working  attachment 

The  vibration  stress  experienced  by  operators  is  generally  very  high  during 
the  operation  of  self-propelled  construction  machines  because  of  the 
limited  tyre  darplng.  The  position  of  the  seat  attachment  point  is  thus  a 
design  factor  which  can  decrease  acceleration  of  the  driver's  seat.  Ver- 
tical  acceleration  is  least  at  the  centre  of  gravity  of  the  vehicle  (Fig. 

11)  and  this  is  then  the  optimum  seat  attachment  point.  This  arranganent 
is  not  possible  an  all  machines  because  of  design  considerations .  On 
mobile  cranes,  for  example,  the  seat  can  be  plaoed  from  the  rear-axle  up  to 
the  centre  of  gravity. 


Seat  position  Ljoat 

Fig.  11  Vertical  acceleration  between  vehicle  axles  on  a  tractor- loader 
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4.  Vibration  reduction  by  absorption 

4. t  Principle  of  a  dynamic  vibration  absorber 

The  method  of  operation  of  a  dynamic  vibration  absorber  can  be  explained 
using  a  single  oscillating  mass,  which  is  equipped  with  a  second  elasti¬ 
cally  coupled  mass  (Fig.  12) . 


Fig.  12  Dynamic  vibration  absorber 

The  absorber  is  basically  a  resonance  system,  which  is  attached  to  the 
vibrating  structure  and  counteracts  the  vibration  which  is  to  be  reduced. 

If  the  absorber  is  adjusted  on  the  main  system  so  that  the  relationship  of 
the  resonance  frequency  is  v  =  1  and  the  dapping  coefficient  k  *  0,  the 
resonance  point  of  the  main  system  is  completely  absorbed  (Fig.  13) .  A 
disadvantage  of  this  desirable  behaviour  la  the  fact  that  two  additional 
resonance  points  occur.  With  infinite  absorber  damping  k  *  CD  the  absorb¬ 
ing  moss  is  linked  to  the  main  body,  so  that  they  do  not  move  against  one 
another.  The  absorbing  system  is  then  oanp  lately  redundant,  so  that  the 
resonance  point  actually  to  be  absorbed  occurs  again. 
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Fia.  13  Transfer  function  of  a  dynamic  absorber  at 
various  danping  adjustments 

4 . 2  Absorber  adjustment  in  relation  to  ride  comfort  and  safety 

There  are  various  criteria  for  which  the  stiffness  of  the  absorber  suspen¬ 
sion  can  be  optimised.  These  include  dynamic  wheel  loads  and  acceleration 
the  driver's  seat.  The  optirun  damping  value  is  found  to  be  constant 
with  an  approximate  vab-e  of  D  =  0.3.  As  illustrated  by  tests  to  deter¬ 
mine  the  monent  of  inertia  of  absorber  masses  an  tractor- loaders ,  this  damp¬ 
ing  is  practically  unobtainable.  For  practical  purposes  then  a  damping 
ratio  of  D  *  1  is  used. 

The  simulation  results  given  in  Figs.  14  to  25  show  the  behaviour  with  this 
high  danpinq  at  an  absorbing  frequency  of  1.4  Hz;  this  is  a  ccrprcmise 
between  ride  ccmfort  and  safety. 

The  linear  spectra  of  dynamic  wheel  loads  (Figs.  16  to  19)  and  the  seat 
excitation  acceleration  (Figs.  22  to  25)  show  clearly  that  vehicle  vibra¬ 
tion  is  considerably  reduced  especially  in  the  pitching  mode. 
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Fig.  14  vtieel  loading  factor  an  the  front  axle  in  relation 
to  forward  speed  at  various  absorber  adjustments 


Fig.  15  Wheel  loading  factor  cm  the  rear  axle  in  relation 
to  forwrd  speed  at  various  absorber  adjustrrwits 


I, inoar  spectron  of  dynamic  front  axle  loads  of  a 
tractor  -loader  with  rigidly  supported  working 
attachment  in  relation  to  forward  speed 


Linear  spectnan  of  dynamic  front  axle  loads  of  a 
tractor-loader  with  elastically  supported  working 
attachment  lr.  relation  to  forward  speed 
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ia.  20  Vertical  excitat  ion  acceleration  of  the  driver's  seat 
in  relation  to  forward  speed  for  various  absorber 
adjustments 
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.  21  Horizontal  excitation  acceleration  of  the  driver's  seat 
in  relation  to  forward  speed  for  various  absorber 
adjustments 


linear  srxctn 


spt-ct  rjn  (3  X  seat 


4.3  Absorber  movement 


rn  practice  the  abeorber  movanent  which  occurs  is  of  particular  importance 
with  regard  to  the  safety  regulations  in  force  when  travelling  on  public 
rr>vis.  The  relative  movement  between  vehicle  and  work  attachment  should 
be  as  snail  as  possible. 


•  75  mm  -50  -2f  0  25  50  mm  75 

absorber  movement  Z  a 

Fig.  26  Relative  arplitude  distrltuticn  of  movement  of  working 
attachment  with  various  absorber  adjustments 

The  relative  amplitude  distribution  given  in  Fig.  26  shows  that  the 
required  abeorber  motion  is  not  greater  than  -  30  ran  even  at  optimum  abeor¬ 
ber  adjustments.  if  a  realistic  abeorber  danping  of  D  *  1.0  is  used,  the 
maxinun  required  absorber  movement  is  reduced  to  -  15  ran.  Such  email  rel¬ 
ative  movements  of  the  working  attachment  can  easily  be  acocnmodatad. 

5.  Driving  tests 

To  test  the  results  obtained  with  the  computer  simulation  driving  tests 
were  carried  out  with  the  tractor- loader  which  formed  the  basis  of  the 
simulation.  These  correlated  well  with  the  calculation,  particularly 
with  regard  to  the  vibration  reduction  which  can  be  obtained  (Fig.  27  to 
29) . 


The  behaviour  and  opinions  of  the  driver  are  significant  as  he  regarded 
the  tests  very  sceptically,  however  and  he  wanted  to  keep  the  vibration 
absorber  after  the  tests.  It  is  precisely  the  belief  that  the  vibration 
behaviour  of  self-propelled  machinery  is  normal  that  has  led  to  the  gener¬ 
ally  widespread  view  that  it  does  not  require  ranedying.  Against  this 
there  are  the  convincing  results  and  experiences  with  the  vibration  absorp¬ 
tion  by  the  elastic  support  of  the  working  attachment. 


Fig.  27  Vibration  reduction  on  the  front  axle  of  a  tractor- loader 
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6.  Sunnary 

Ride  oamfort  and  safety  of  unsprung  self-propelled  construction  machines 
with  a  rigid  and  elastic  support  of  the  working  attachment  are  evaluated 
by  means  of  analytical  and  experimental  Investigations.  Vehicles  which 
have  a  considerable  part  of  the  vehicle  mass  outside  the  vheel  base  -  as 
is  always  the  case  with  tractor-loaders  -  are  prone  to  pronounced  pitching 
motion,  even  at  low  forward  speeds,  which  can  considerably  influence  ride 
safety  and  comfort. 

Dynamic  wheel  loads  are  used  to  evaluate  safety  and  the  vertical  and  hori¬ 
zontal  excitation  acceleration  of  the  driver's  seat  to  evaluate  ride  com¬ 
fort  .  The  dependency  of  the  dynamic  wheel  loads  and  the  excitation  accel¬ 
eration  of  the  seat  on  forward  speed  is  very  variable  for  these  vehicles, 
with  the  result  that  the  vibration  characteristics  mist  be  constantly 
observed  for  the  total  forward  speed  range. 

The  position  of  the  seat  attachment  point  in  relation  to  the  centre  of 
gravity  of  the  vehicle  is  decisive  in  the  effect  of  the  pitching  accelera¬ 
tion  on  the  stress  to  the  driver.  By  elastic  support  of  the  working 
attachment  and  Its  use  as  an  absorbing  mass,  the  vibration  of  the  machine 
can  be  considerably  reduced. 

By  adjustment  of  the  absorber  to  obtain  the  greatest  possible  reduction 
of  the  dynamic  wheel  loads  and  the  excitation  acceleration  of  the  seat,  a 
oorprcmiae  mist  be  achieved  between  ride  safety  and  comfort;  this  is 
usual  in  the  design  of  axle  suspensions. 

Relative  movements  between  the  working  attachment  and  vehicle  frame,  which 
occur  with  elastic  support  of  the  attachment,  are  approx  irately  -  15  nrn 
with  an  absorber  darplng  of  D  =  1;  it  is  possible  to  achieve  this  in 
practice.  Such  small  relative  movements  of  the  working  attachment  can 
easily  be  incorporated  in  the  design. 

In  conclusion  the  above  results  show  that,  using  the  principle  of  vibra¬ 
tion  absorption,  ride  comfort  and  safety  on  unsprung  self-propelled  con¬ 
struction  machines  can  be  considerably  increased.  Driving  tests  with  a 
tractor- loader  verify  the  results  of  the  computer  similation. 
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STRESSES  IN  SITU  GENERATING  BY  BULLDOZERS 
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SYNOPSIS 

I 

The  author  carried  out  full-scale  field  tests  and  measured  stresses  In 
situ  generating  by  bulldozers.  These  data  were  analyzed  experimentally 
as  well  as  theoretical  by  making  numerical  models.  Five  bulldozers  are 
used  on  different  types  of  soil  such  as  cohesive  soil,  sandy  soil  and 
rockfill  materials.  Most  measured  stresses  are  much  larger  than  the 
stresses  calculated  from  nominal  contact  pressure.  The  stress  variation 
by  travelling  a  bulldozer  on  the  ground,  that  is  the  time-stress  (t-o) 
relation  or  curve  on  the  oscillograph  shows  particular  shapes  as  if  it 
were  random  vibration. These  curves  are  classified  into  roughly  four 
groups.  As  a  bulldozercan  drive  without  whole  crawler  tracks  in  contact 
with  the  ground,  the  contact  pressure  occurs  three  different  type  patterns 
according  to  the  conf igulation  fo  the  ground  surface.  The  particularity 
of  t- 7  curve  of  a  bulldoze)*  is  due  to  the  disaccordance  of  the  length  of 
shoe  and  the  distance  of  tr^k  rollers.  And  also,  it  is  due  to  the 
indirect  load  transferred  through  track  shoes.  Since  it  comes  from  the 
structural  characteristics  of  Vie  bulldozers,  "the  Structural  Stress 
Variation  Model"  is  considered  for  “the  three  ground  models”. 


INTRODUCTION 


This  paper  reports  about  the  stress  in  situ  by  bulldozers  while  travelling 
The  author  has  studied  the  field-compaction  test  of  compaction  equipment 
(3)(4)(5)(6)(7)(11).  Bulldozer  can  be  used  as  a  compaction  equipment 
such  as  small  embankments  or  preliminary  compaction  in  spite  of  its  small 
nominal  contact  pressure.  But  their  compaction  effect  is  fairly  useful. 
There  has  been  research  on  crawler  type  vehicles  such  as  bulldozers  or 
tractors  from  the  viewpoint  of  agricultural  engineering  ( 1 ) (9) ,  but  quite 
little  from  the  viewpoint  of  compaction  equipment  (10).  So  the  author 
executed  the  field  compaction  test  using  several  bulldozers  on  different 
types  of  soil,  measured  the  stresses  in  situ  and  considered  that. 

THE  METHOD  OF  TEST 


Full-scale  field  compaction  tests  were  carried  out  on  the  site  of  two 
rockfill  dams  and  one  highway  construction.  Measurements  were  made  of 
the  stresses  in  situ,  the  acceleration,  the  velocity,  the  settlements  of 
the  surface,  the  deformation  in  the  layer  compacted,  the  penetration 
resi stance  and  the  density.  The  test  sections  were  generally  made  6  m 
wide  and  10  m  long,  and  sufficient  soil  was  placed  around  the  sections  to 
prevent  movements  in  the  lateral  directions.  In  the  center  of  the 
sections  were  burled  such  instruments  as  earth  pressure  cells  and 
accelerometers.  Also  the  center  of  the  section  was  chosen  as  the  origin 
of  the  Cartesian  coordinates,  with  the  X  axis  being  the  short  direction, 
the  Y  axis  the  long  direction  and  Z  axis  the  vertical  direction. 
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Although  measurements  were  made  at  only  a  single  point  the  results 
obtained  by  shifting  the  equipment  in  the  X-direction  after  each  pass  are 
assueed  to  be  the  same  as  if  measurements  were  made  at  a  number  of 
locations.  Soil  used  for  the  tests  were  three  kinds  of  cohesive  soils 
for  impervious  zones,  rather  small  rockflll  material  for  transition  zones 
and  soil  originating  from  weathered  granite.  The  soil  characteristics 
obtained  by  laboratory  and  field  tests  are  shown  in  Tab.1.  Also  the  five 
bulldozers  used  are  describe  In  Tab. 2.  The  pressure  cells  used  both  the 
Carlson  type  and  the  strain  gage  type. 

STRESS  DISTRIBUTION  UNDER  CRAWLERS 
Results  of  experiment 

The  schematic  of  BUL-1  and  its  crawler  is  shown  in  Fig.!.  Before  going 
into  the  main  arguments,  several  assumptions  need  to  be  discussed.  The 
first  is  that  the  ground  Is  considered  a  semi -infinite,  isotropic  and 
homogeneous  elastic  body.  When  a  load  Is  placed  on  the  boundary,  normal 
and  shearing  stresses  are  generated  In  situ.  Because  the  shearing 
stresses  change  their  directions  in  accordance  with  the  location  of  the 
rollers,  they  are  assumed  not  to  be  related  to  compaction.  The  second 

TABLE  1  INDEX  PROPERTIES  OF  SOIL  FOR  TESTS 


CLASSIFICATION  COHESIVE  SOIL  ROCK  N. 


NOTATION 

Ch-a 

Ch-b 

Ch-c 

Ch-d 

Rk 

LABORATORY  TESTS 

Unified  Soli  Classification 

SC 

SC-SH 

Cl 

SM 

GW 

Specific  Gravity  - 

2.75 

2.72 

2.74 

2.66 

2.79 

Maximum  Dry  Density  kN/m, 

15. 3 

16.5 

17.3 

IB. 8 

<B/cm*) 

(1.56) 

(1.68) 

(176) 

(1-92) 

Optima  Hater  Content  t 

25.3 

21.5 

16.6 

11.5 

Liquid  Limit  t 

52-55 

52-55 

30 

• 

Plasltlctty  Index 

15-20 

15-20 

13 

- 

FIELO  TESTS 

Dry  Density  Before  Completion 
W/m3  (b/oH) 

U.G-1J 

(1.2-1. 

.7  12.6-15.7 
4)  1. 3-1.6) 

14.7-15.7 
(1. 5-1.6) 

16.3 

(1.7) 

19.6-21.6 
(2.0-2. 2) 

After  Compaction 
kN/m3  (9/ car) 

13.7-15 

.7  14.7-16.6 

16.7-1B.6 

16.7-17.6 

20.6-23.5 

(1.4-1. 

9)  (1. 5-1.9) 

(1.7-1. 9) 

(1. 7-1.8) 

(2. 1-2.4) 

Hater  Content  (  S  ) 

21-35 

27-33 

10-20 

19-24 

- 

Gravel  Content  over  14  (  S  ) 

16-25 

27-49 

22-28 

25 

100 

TABLE  2  CHARACTERISTICS  OF  BULLDOZER  USING  COMPACTION 
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assumption  is  that  oz(P),  which  is  the  normal  stress  in  the  Z-direction 
caused  by  vertical  load,  is  mainly  related  to  the  compaction.  Although 
the  stresses  in  three  directions  were  measured,  o2  was  used  for  the 
analysis  because  of  this  assumption.  Two  examples  of  the  results  in 
measurements  are  shown  as  Fig. 2.  Broken  lines  in  Fig. 2a  are  the  results 
of  a  bulldozer  BUL-1.  They  represent  a  compaction  of  the  location  of 
the  roller  on  the  X  axis  versus  oz  in  situ  at  several  depths.  The 
measured  values  are  rather  scattered.  In  accordance  with  the  first 
assumption,  stress  in  situ  due  to  the  distributed  load  of  the  compaction 
equipment  acting  at  the  surface  can  be  calculated  by  Boussinesq's 
equation  (8).  This  equation  should  be  used  be  used  for  the  statical 
load,  but  Brom  and  Forssblad  (2)  mentioned  that  the  stress  distribution 
for  vibratory  rollers  also  agreed  with  Boussinesq's  equation.  Therefore, 
the  stresses  are  calculated  from  the  statical  contact  pressure  of  Tab. 2. 
They  are  shown  as  the  solid  lines  in  Fig. 2a.  Comparing  the  solid  lines 
and  the  broken  lines  (drawn  by  connecting  the  upper  points  of  the  measured 
values),  both  lines  are  similar  in  shape  in  spite  of  the  differences  of 
the  magnitudes.  Therefore,  assuming  the  'quasistatical  loads'  for  the 
dynamic  load  due  to  compaction  equipment,  the  stress  distribution  in  situ 
can  be  calculated  at  least  qualitatively.  There  is  a  tendency  that  the 
faster  the  speed,  the  larger  the  difference.  The  magnitudes  change  with 
the  soil  type.  The  stresses  in  the  rockfill  are  larger  than  in  the 
cohesive  soil.  The  same  tendencies  exist  with  the  other  rollers.  Fig. 

2a  shows  the  bulldozer  BUL-1  running  in  second  gear  speed  on  cohesive  soil. 
The  measured  value  is  about  six  times  greater  than  the  calculate  value. 

The  theoretical  value  is  calculated  by  Boussinesq's  equation  as  below. 

,  .  J_r_Hi - 1 g-t"— ■  ♦  s1n~‘  - 5L—  ]  . (1) 

2  2v  (HnJ)(mJ+n2)  /T+ m?  /1+nT J 

where  m  =  a/b,  n  -i/ b  in  Fig. 6. 

However,  the  calculated  value  is  only  20  %  greater  than  the  measured  value 
for  the  26  ton  tyre  roller  running  in  second  gear  speed  on  cohesive  soil 
Ch-a  shown  in  Fig. 2b.  Since  the  tyre  roller  has  six  rear  tyres,  the 
theoretical  stresses  in  situ  are  the  sum  of  the  stress  due  to  each  tyre, 
under  the  assumption  that  superposition  is  valid.  Where  do  the 
differences  come  from  ?  One  of  the  reasons  for  this  could  be  the  stress 
concentrations  of  Frohlich's  theory.  Taking  this  into  account,  a  15-25  l 
increase  of  the  stress  calculated  by  Boussinesq's  theory  is  produced  even 
for  rockfill  materials. 


Crawler  Track  -  Ground  System  Model 


' )  Basic  assumption 

Although  the  nominal  contact  pressure  of  a  bulldozer  is  rather  small  as 
shown  in  Tab. 2,  the  measured  value  is  much  larger  as  shown  in  Fig. la.  If 

the  whole  load  is  transmitted  to  the  track  rollers,  the  front  idler,  and 
the  sprocket  of  the  bulldozer,  and  one  of  the  rollers  is  on  a  track  shoe, 
both  the  calculated  and  the  measured  stresses  should  almost  coincide. 
However,  the  contact  pressures  of  the  bulldozer  are  changed  by  the  ground 
characteristics  such  as  bearing  capacity  and  shape  of  ground  surface. 

The  big  difference  of  the  bulldozer  compared  with  other  rollers  is  that  it 
has  crawler  tracks.  Therefore,  a  bulldozer  can  be  driven  even  when  a 

portion  of  its  crawler  tracks  is  not  in  contact  with  the  ground.  The 
ontact  pressure  of  the  bulldozer  will  change  in  accordance  to  the 
onformation  of  the  ground  surface  it  is  moving  over,  and  the  load  of 
bulldozer  transfers  indirectly  from  the  track  shoe  to  the  ground.  Thus 
the  condition  of  load  from  the  bulldozer  is  changed  by  ground  conformation. 
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Actual  ground  surface  Is  never  horizontal  and  Is  composed  of  a  number  of 
horizontal  parts,  up  grade  parts  and  down  grade  parts.  The  Items  as 
follow  are  assumed. 

(I)  The  portion  of  same  gradient  surface  is  the  same  as  the  length  of 
crawler  tracks. 

(II)  The  conformation  of  ground  does  not  change  while  the  track  shoe  Is 
just  In  contact  on  the  ground. 

(hi)  The  critical  point  of  change  slope  Is  nominated  as  point  C,  and  the 
grade  of  both  sides  are  h  and  I*,  however,  |]|  <  „/2 

(V)  The  track  shoe  on  the  point  C  does  not  move  while  the  track  rollers 
are  moving,  a  track  shoe  Is  plane  and  Its  contact  pressure  of  any 
portion  Is  uniform. 

(v)  The  load  from  track  roller  Is  transmitted  statically  to  the  track 
shoe  Just  under  It  and  never  transmitted  to  other  track  shoes. 

(vl)  The  moving  rollers  mean  the  whole  rollers  on  the  track  shoes  such  as 
front  Idler,  track  rollers  and  sprocket. 

2)  Crawler  Track  -  Ground  System  Model  and  contact  pressures 
Due  to  I,  and  12.  A  ^  .  h  >  0 

Here  we  define  the  Crawler  Track  -  Ground  System  Model.  The  relationship 
between  the  ground  conformations  and  bulldozer  are  divided  Into  three 
types.  Illustrated  below  using  BUL-1  as  an  example. 

(1)  Model  1  (a«0).  Horizontal  type  (fig. 3a) 

It  the  ground  surface  1$  completely  plane,  the  track  shoes  under  the 
sprocket  and  front  Idler  are  slightly  risen  to  the  surface,  so  that  the 
load  Is  transmitted  by  the  other  track  rollers  (Case  4).  Since  the 
ground  Is  usually  not  so  rigid,  the  contact  pressure  occurs  for  all  track 

TABLE  3  LOCATION  OF  ROLLERS  BEING  CONTACT  TO  THE  GROUNO 

INDIRECTLY  ON  "CRAWLER-GROUND  SYSTEM"  MODEL  (cf.  FIG. 3) 


MOOCL 


II 


III 


LOCATION  Of  ROLLERS  NO.  CONTACT  TO  GROUND 

RACK  POINT  C 

* _ 


1 


2  3  4  5  6  7 

1  2  3  4  5  6 

1  2  3  4  5 


12  3  4 


5  6  7 


4  5  6  7 
3  4  5  6 
2  3  4  5 
1  2  3  4 


FRONT 


7 

6  7 

5  6  7 


1  2  3  4  5  6  7 

1  2  (3)  (4)  (5)  (6) 

I  2  (3)  (4)  (5) 

I  2 

1 


6  7 

(5)  6 
4  5 


7 

6  7 


NUMBERS 
OF  ROLLER 


7 

6 

5 

4 

3 

4 

5 

6 
7 

7 

2-3 

2-4 

2-4 

2-4 

7 


NOTICE  1  :  1st  roller, that  Is  sprocket 

2-6  :  2nd-6th  roller, that  Is  track  roller 
7  :  7th  roller.that  tsfront  Idler 

(  )  :  roller  No.  rising,  that  Is  rollers  not  contact  through  track 
shoes 


shoes  under  moving  rollers  as  usual  (Case  2).  If  the  ground  is  very 
plane  and  very  rigiJ,  only  the  nails  of  the  track  shoes  contact  the  ground 
and  take  the  whole  load  (Case  8,9). 

(ti)  Model  D  Convex  Case  ;  A  >  0  (Fig. 3b;  Tab. 3) 

The  loading  condition  is  changed  with  the  relationship  between  the  point  C 
and  the  location  of  the  centroid  of  the  bulldozer  while  travelling.  The 
centroid  of  BUL- 1  is  located  between  the  second  track  roller  and  the  third 
one.  So,  the  loading  condition  is  the  same  as  Case  1  before  reaching  the 
front  idler  at  point  C.  The  shoes  under  the  front  idler  and  the  first 
and  the  second  track  rollers  do  not  touch  the  ground  surface  up  to  the 
time  that  the  third  track  shoe  reaches  point  C.  That  is,  the  number  of 
shoes  which  transmit  the  load  of  the  bulldozer  changes  sequentially 
through  7,6,5  and  4  until  its  centroid  reaches  point  C.  But  then  they 
change  three  to  seven  after  its  centroid  passes  through  point  C. 

(rfi)  Model  ID  Concave  Case  ;  A  >  0  ,cig.3c;  Tab3) 

Thea  loading  cindition  is  the  same  as  Model  I  till  the  front  idler  reaches 
point  C.  According  to  the  bearing  capacity,  sometimes  no  track  shoes 
under  track  rollers  touch  the  ground  surface.  In  this  case,  the  load  is 
tansimitted  by  2-7  track  rollers.  The  contact  pressures  of  each  case  are 
shown  in  Tab. 4.  Fig. 4  shows  the  theoretical  stresses  distribution  of 
BUL-1  using  the  contact  pressure  in  various  cases  in  Tab. 3  The 
theoretical  stresses  and  the  measured  statical  stresses  almost  coincide  as 
is  described  later.  But  there  are  still  the  differences  between  the 
theoretical  value  and  measured  value  while  the  bulldozer  is  travelling. 

For  only  the  statical  factor,  this  is  too  large  to  be  readily  explained. 
Therefore,  the  cause  of  the  difference  must  not  be  the  statical  load  but 
the  dynamic  load  (3). 

STRESS  VARIATION  AT  A  POINT  IN  SITU 

Theoretical  consideration  -  Structural  Stress  Variation  Model 

The  stress  variation  at  a  point  in  situ  resulting  from  a  travelling 
bulldozer,  that  is  the  time-stress  (t-o)  relation  or  curve,  shows 


TABLE  4  STATICAL  CONTACT  PRESSURES  OF  BUL-1  DUE  TO 
GROUND  CONDITION 


LOAD 

BEING 

CONTACT  CONTACT 

MIGHT 

SITUATION 

CONTACT 

LENGTH  PRESSURE 

OCCURRED 

TO  GROUND 

kPa  . 

GROUND  MOOEL 

BY 

(  cm  )  (kg/cxr ) 

I  II  III 

CALUCULAUD 


CASE  1 

DISTRIBUTED 

ALL  CRAWLER 

214 

58(0.59) 

* 

* 

* 

2 

RECTANGULAR 

7  TRACK 

19.5x7 

86(0.89) 

• 

• 

* 

3 

6  SHOES 

x6 

100 

1.02 

• 

* 

4 

S 

x5 

120 

1.23) 

* 

• 

* 

S 

4 

x4 

150 

1.53) 

• 

* 

6 

3 

x3 

200 

2.04 

• 

* 

7 

2 

*2 

300(3.06) 

* 

B 

LINE 

7  GROCERS 

2x7 

836(8.54) 

* 

9 

S 

2xS 

1170(12.0) 

* 

MEASURED 

461 

-7)6 

Rk 

(4.7-7.31 


particular  shapes  as  shown  in  Fig. 10,  which  are  gotten  on  the  oscillograph 
at  full-scale  field  tests.  They  seem  like  random  vibrations.  If  a 
bulldozer  werenot  using  its  crawlers,  its  theoretical  t-o  curve  might  be 
as  shown  in  Fig. 4,  which  is  calculated  by  equation  (1)  under  principle 
superposition,  at  the  depth  10  cm  under  the  surface  travelled  SUL- 1 . 

This  is  like  a  triangular  load  and  is  completely  different  from  F>g.lO  and 
also  the  other  rollers  such  as  tyre  roller  or  steel  roller.  They  are 
like  three  quarter  sinusoidal  curves  and  their  shapes  are  almost  the  same 
respectively  in  spite  of  difference  of  their  magnitude.  To  make  sure 
whether  these  stress  variations  are  random  vibrations  or  native  ones. 

Let's  try  to  get  the  theoretical  stress  variations  for  the  three  types  of 
CGS-Models.  Fig. 5  shows  Cartesian  coordinate  on  semi-finite  soil  mass. 

Y  axis  is  the  direction  of  bulldozer  travelling  and  Z  axis  is  vertical 
direction.  Definitions  of  symbols  are  given  below: 

u(x,y,z):  the  arbitrary  point  to  calculate  stress,  C(x,y,z):  the  point  of 
ground  just  upon  p,  2ax2 b:  the  area  of  track  shoe  Bj,  i* (*i  *Jfi  *0) ;  the 
center  of  track  shoe  B,,  (x^.Y^.O):  the  location  of  moving  roller  R^.Pk: 
the  load  transmitted  by  Rk.  q(i,t):  contact  pressure  of  meanwhile  Rk  on 


it,  v:  the  speed  of  bulldozer 

Yk  *  vt  (2) 

q(i.t)  «  g(xt,yi,Xk,Yk.t,A) 

Pk/(4ab)  :  tL(i,k)  *  t  <  tflLO.k) 

M0  :  tNL(i,k)  <  t  <  t^i+l.k)  . (3) 

where  t|_(i,k):  the  time  which  roller  Rk  just  moved  to  track  shoe  Bi,  tf^l 
,k ) :  the  time  which  roller  Rk  is  just  apart  from  B^ .  So 

tNL(1,k)  •  tL(i*l.k)  (4) 

Coefficient  of  Influence  in  Boussinesq's  equation  due  to  track  shoe  is 
shown, 

k(l)  *  f(xi ,y\ .a.b.z.A)  (5) 

The  stress  at  o  caused  by  n  track  shoe  is  shown  as 

o(z,t)  *  L  g(1,t)-K(i)  (6) 

i*l 

n 

o(z,Yk)  •  i  9< x^ ,y< ,Yfc .A) • f (x< ,y^ ,a ,b,z ,A)  . (7) 


Results  of  calculation 


Let's  illustrate  with  a  simple  example  where  the  ground  is  completely 
plane.  As  in  the  previous  section,  here  we  will  consider  the  BUL-1  for 
an  example:  at  first,  the  backward  edge  of  Bi  and  Ri  located  just  on  the 
origin  as  shown  in  Fig. 6a.  As  before,  for  this  case,  the  load  transfers 
from  only  five  track  rollers  Rr-Rs  to  five  of  seven  track  shoes  Br-B?  of 
BUL-1  (fig. 6).  Since  the  distance  for  two  track  rollers  and  the  length 
of  track  shoes  is  different,  the  load  distribution  at  a  moment  changes  as 
shown  in  Fig. 6.  As  R»  moves  Yi  cm  on  the  crawler  shoe  Bi,  the  other 

rollers  Rj  moves  on  Bj  as  shown  in  F1g.6a^F1g.6f .  Fig. 6a  coincides  with 

Fig.6e,  although  there  is  a  difference  of  track  shoes  length  (19.5  cm). 

The  stress  distributions  in  this  load  condition  are  shown  in  Fig.7a\frig.7e 
respectively  at  z*2 0  cm.  So  the  stress  distribution  changes  suddenly  at 
the  time  that  any  track  roller  Rj  on  any  track  shoe  Bj  moves  to  another 
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one  Bj.  The  results  of  this  calculation,  that  is,  theoretical  stress 
variation  at  a  point  is  shown  in  Fig. 8.  Now,  let’s  calculate  more 
general  cases  for  three  CGS  Models  as  mentioned  before.  The  procedure  of 
calculation  is  fairly  complete  but  basically  is  the  same  as  the  former 
calculation.  Another  example  is  the  case  of  track  shoes  under  7  moving 
rollers  (front  idler,  sprocket  and  5  track  rollers)  of  BUL-1  contact  when 
the  ground  is  plane.  Fig. 9  shows  the  results  of  theoretical  stress 
variation  with  time  at  a  point  in  situ,  which  is  due  to  the  structure  of 
bulldozer.  So  that,  let’s  define  this  for  Structural  Stress  Variation 
(Model).  The  depth  of  calculated  stresses  in  Fig. 9  is  z*22.2  cm.  They 
are  the  stress  variations  while  the  bulldozer  is  moving  left  to  right. 

Axis  of  abscissa  and  ordinate  show  the  travelling  length  of  bulldozer  L 
(cm)  and  normal  stresses  o(z,Y(i)(kg/cmJ)  respectively.  Fig. 9a  is  the 

calculated  result  of  Model  I.  Let's  compare  with  Fig. 4  and  Fig. 9a.  Fig. 
4  is  the  stress  distribution.  It  also  can  be  read  as  the  stress 
variation  with  time  by  changing  the  scale  and  by  difining  time  for 
abscissa.  Although  the  abscissa  of  Fig. 9a  is  the  length,  it  can  be 
changed  easily  to  time  by  dividing  the  speed  for  each  case.  Fig. 9b  is 
the  case  of  Model  n  .  The  case  of  Model  II  convex- type  ground,  is 
calculated  in  the  condition  that  the  center  of  track  shoe  keeps  off  its 
one  half.  ie.  a  cm,  from  the  point  C.  Fig. 9c  is  Model  ID  in  the  case 
where  4  track  shoes  under  moving  rollers  R, ,R2 ,R5 ,R7  are  in  contact  with 

the  concave  ground.  Fig. 9  shows  the  feature  of  each  model  or  ground 
conformation.  For  stress  variation  on  Model  I  ground,  4  larger  peaks 
appear  in  the  intermediate  part  and  rather  smaller  1  peak  in  front  and  2 
peaks  in  the  rear.  For  Model  II  ,  7  peaks  seem  triangular.  For  Model  III 
Peaks  appear  in  the  front  part  and  rear  part. 

COMPARISON  OF  MEASURED  VALUE  AND  THEORETICAL  VALUE 


Classification  of  stress  variation 

Typical  measured  data  are  shown  in  Fig. 10  by  BUL-1.  Abscissa  is  time  and 
ordinate  is  stress.  Stress  variations  in  Fig. 10  are  roughly  classified 
into  four  types  as  follows  by  connecting  small  peaks  of  stress  variations. 
Type(I)  Trapezoid  type  (Fig. 10a) 

Type(II)  One  triangular  type  (Fig. 10b) 

This  type  can  be  classified  as  three  types  by  the  location  of  the  largest 
value  appearing; 

TABLE  5  CLASSIFICATION  OF  THE  MEASURED  STRESS  VARIATION 
AT  A  POINT  (cf.  FIG. 12) 

NUMBERS  OF  DATA  IN  FIG. 12 

TOTAL  (i)  (ii)  (ill)  ( 1 v ) 

«  b  c  a  b 


COHESIVE  NO  TRACTION  11 

SOIL  TRACITON  TA.  138 

ROCKFILL  NO  TRACTION  25 

MATERIAL  TRACTION  TA.  18 


3  0  0  1  7  0  0 

43  28  3  24  27  3  10 

1  2  0  0  18  4  0 

4  0  0  0  1  9  4 


TOTAL 


192  51 


30  3_J5  53  16 

57  69 


14 
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a:  former  part 
b:  later  part 
c:  central  part 

Type(m)  Two  triangular  type  (Fig.10c.10d) 

This  is  also  classified  into  two  types  by  the  location  of  the  largest 
value  appearing; 

a:  former  triangular 
b:  later  triangular 
Type(V)  Random  type  (F1g.10e.10f) 

This  includes  all  types  other  than  the  above. 

Tab. 5  shows  the  classifications  of  192  measured  stress  variations  by  the 
types  mentioned  above.  Since  from  the  measured  values  are  obtained  from 
the  field  compation  test,  there  are  quite  a  few  cases  where  the  bulldozer 
pulls  a  tamping  roller. 

Type  (If)  mostly  occurs  in  any  case,  especially  where  there  Is  no  traction 
of  tamping  roller.  If  small  differences  are  not  taken  into  account.  Fig. 
9a  and  Fig. 10a  are  similar  as  well  as  Fig. 9b  and  Fig. 10b, Fig. 9c  and  Fig. 
lOc.  So  it  can  be  said  that  the  stress  variation  of  bulldozer  with  time 
like  the  random  vibration  is  due  to  its  structural  characteristics. 

Quantitative  comparison 

The  measured  stress  variations  of  BUl-4  and  BUl-5  are  shown  in  Fig. 13a. 

13b  ,  and  their  calculated  stress  variation  by  Structural  Stress 

Variation  Model  is  shown  in  Fig. 13c, 13d.  Different  concave  type  stress 

variations  occur  for  different  bulldozers.  On  the  other  hand,  most  of 
the  actual  ground  conformations  are  like  Fig. 12,  which  is  just  after  15 
passes  by  BUL-4  on  Ch-d  soil.  This  figure  shows  microscopically  small 
waves  due  to  the  track  shoe  of  the  bulldozer  ,  but  is  microscopically 
concave  at  the  point  of  the  burled  pressure  cell.  This  phenomenon  can 
explain  why  there  are  so  many  measured  stress  variations  of  type  EL. 

Fig. 14a  shows  the  stress  in  situ  of  BUl-3  which  is  measured  when  the 
bulldozer  has  travelled  several  centimeters  and  then  the  engine  is  stopped. 
In  other  words.  It  shows  measured  statical  stress  variation  without  any 
dynamic  load  such  as  vibration  of  engine  or  the  shock  of  striking  to  the 
ground.  On  the  other  hand,  F1g.14e  shows  the  calculated  stress  variation 
of  BUL-3,  that  is  Stress  Variation  Structural  Model  Type  Q,  measured  on 
actual  ground  as  shown  in  Fig. 12.  The  geometrical  shape  maximum  value 
and  the  location  for  both  figures  are  fairly  similar.  F1g.l4aM4d  is  the 
measured  stress  variation  where  BUL-3  travels  at  1st,  2nd  and  3rd  gear 
speed.  Although  the  faster  speeds  show  a  larger  magnitude  of  stress,  the 
geometrical  shape  does  not  change  fundamentally.  So  it  can  be  said  that 
the  Structural  Stress  Variation  Model  Is  valid  for  estimating  stress 
variation  in  situ  due  to  a  bulldozer. 
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EXAMPLE  STRESS  DISTRIBUTON  IN  SITU  WHILE  TRAVELLING 
A  BULLOOZER(BUL-I)  AND  26  TON  TYRE  ROLLER 
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OF  MEASURED  ANO  THEORETICAL  STRESS  VARIATION 
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FINITE  ELEMENT  ANALYSIS  OF  GROUND  DEFORMATION  BENEATH  MOVING  TRACK  LOADS 


Leslie  L.  Karaflath 

R&D  Center,  Grunman  Aerospace  Corporation,  Bethpage,  NY  11714,  USA 


INTRODUCTION 


The  major  portion  of  the  motion  resistance  forces  encountered  by  vehicles 
traveling  off-road  is  caused  by  the  deformation  of  the  ground  under  the 
vehicle  load.  Tracks  were  originally  conceived  as  implements  to 
distribute  the  vehicle  load  over  a  large  area  and  thereby  reduce  the 
pressure  to.  and  deformation  of  the  ground.  Tracked  vehicles  with  rigid 
suspension  systems  distribute  ground  pressures  nearly  evenly  and  can,  at 
low  speed,  traverse  soft  terrain  not  negotiable  by  other  vehicles. 

The  requirement  of  the  military  for  increased  cross-country  mobility  of 
combat  and  support  vehicles  lead  to  the  development  of  flexible  tracks 
supported  by  sprung  toad  wheels.  While  such  suspension  systems  and  tracks 
are  necessary  for  good  riding  quality  at  high  speed  and  for  obstacle 
crossing  capability,  the  role  of  the  track  in  uniformly  spreading  the 
pressure  over  the  ground  contact  area  has  been  severely  compromised.  The 
pattern  of  pressure  distribution  beneath  the  tracks  of  military  vehicles, 
as  many  measurements  show,  is  characterized  by  peaks  immediately  beneath 
the  road  wheels  rather  than  by  uniformity  over  the  contact  area. 

The  soil  response  to  nonuniform  pressure  distribution  depends  on  the 
magnitude  of  the  peak  stresses  and,  if  these  induce  plastic  flow 
conditions  in  the  soil,  the  duration  of  the  peak  stress  Impulses.  The 
latter  Is  inversely  proportional  to  the  velocity  of  travel.  Researchers 
in  the  field  of  off-road  mobility  have  long  been  Intrigued  by  the  idea  of 
reducing  motion  resistances  by  increasing  the  speed  of  travel.  This 
report  presents  a  methodology  which  supplants  intuition  with  an  analytical 
tool  suitable  for  the  quantitative  evaluation  of  the  effect  of  both 
pressure  distribution  and  travel  velocity  on  motion  resistance. 

MQOELING  OF  SOIL  PROPERTIES  IN  VEHICLE-TERRAIN  INTERACTION  SIMULATION 


i 


The  interaction  between  off-road  vehicles  and  terrain  is  essentially  a 
contact  problem  where  the  geometry  of  the  running  gear-soil  interface  as 
well  as  the  stresses  acting  on  it  change  with  the  operating  conditions  of 
the  vehicle  and  the  properties  of  the  soil  traversed.  The  solution  of  the 
problem  requires  that  there  be  compliance  between  the  interface  geometry 
and  stresses  computed  for  the  vehicle  running  gear  and  soil.  Solution 
procedures  to  this  exceedingly  complex  problem  proposed  by  various 
researchers  working  in  the  field  of  off-road  mobility,  invariably  resorted 
to  simplifying  idealizations.  In  regard  to  the  vehicle,  the  most  commonly 
adopted  simplification  is  the  assumption  that  the  vehicle  is  moving  at  a 
steady,  low  speed.  Even  so,  solutions  based  on  empiricism  or  analogies 
have  been  preferred  over  analytical  solutions  by  many  who  considered 
analytical  formulations  unsolvable.  In  these  approaches  a  major 
consideration  in  modeling  soil  behavior  has  been  the  convenience  of 
obtaining  some  description  of  soil  properties  in  the  field  rather  than 
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modeling  soil  behavior  by  material  constants  used  in  the  applicable  theory 
of  soil  behavior. 

The  most  widely  used  soil  property  models  in  this  category  are: 

•  Cone  Index.  Theoretical  justification  for  representing  soil  prop¬ 
erties  by cone  penetration  resistance  in  pneumatic  tire-soil  inter¬ 
action  was  furnished  by  Freitag.  He  showed  by  dimensional  analyses 
that  in  purely  cohesive  soils  the  cone  index  and  in  purely  frictional 
soils  the  gradient  of  the  cone  index  is  the  significant  parameter 
which  controls  tire  performance.  Under  any  other  conditions,  the  use 
of  the  cone  index  distorts  the  similarity  and  results  in  a  low  confi¬ 
dence  level  of  the  performance  estimates  based  on  its  value 

•  Parameters  of  Pressure  Sinkage  Relationships.  These  parameters, 
obtained  from  plate-sinkage  tests,  are  of  variable  dimensions  and, 
therefore,  conceptually  incorrect.  Their  use  for  the  determination 
of  the  vertical  stresses  at  the  running  gear-soil  interface  is  based 
on  false  analogy  and  Is  unsupportable  by  theory. 

The  advances  in  computer  sciences  and  the  general  availability  of  com¬ 
puters  for  the  numerical  solution  of  nonlinear  differential  equations  have 
changed  the  premises  of  the  treating  of  vehicle-terrain  Interaction 
problems  radically,  and  have  made  a  rational  approach  to  the  formulation 
of  these  problems  possible.  In  a  rational  approach,  the  properties  of 
soil  are  modeled  by  the  material  constants  which  occur  in  the  theory  used 
for  evaluating  soil  behavior  in  the  interaction  problem.  Soil  property 
models  in  this  category  are: 

•  Coulomb  Strength  (Cohesion  >  Friction  Angle).  Soil  strength  has  long 
been  recognized  as  the  most  Important  soil  property  governing  mobil¬ 
ity.  Therefore,  it  Is  logical  to  use  strength  parameters  for  the 
characterization  of  soil  behavior.  The  strength  of  soil  defines  the 
conditions  for  plastic  state  of  stresses  in  the  soil.  Plasticity 
theory  can  be  used  for  the  determination  of  critical  stress 
conditions  occurring  in  various  vehicle-terrain  Interaction  problems. 
However,  strength  parameters  by  themselves  are  insufficient  for  the 
characterization  of  soil  deformation  behavior  and,  therefore,  in 
vehicle-terrain  interaction  models  based  on  plasticity  theory  various 
semi -empirical  relations  had  to  be  used  for  the  estimation  of  soil 
deformations 

a  Stress-Strain  Properties.  Early  attempts  to  model  the  behavior  of 
soil  as  a  linear  elastic  material  were  of  extremely  limited  validity 
in  vehicle-terrain  interaction  simulation.  Soil  behavior  being 
essentially  nonlinear,  various  nonlinear  relationships  have  been 
suggested  by  Kondner,  Schofield-Wroth,  Duncan-Chang  and  others  to 
represent  the  nonlinear  stress-strain  behavior  of  soils.  Recently, 
it  has  been  shown  (Ref.  1)  that  the  parameters  of  nonlinear 
stress-strain  relationships  may  be  evaluated  from  field  ring  shear 
(Bevameter)  tests,  if  properly  conducted. 

The  scope  of  the  present  paper  Is  restricted  to  the  analysis  of  deforma¬ 
tions  in  frictionless  clay  soils.  The  Ramberg-Osgood  relationship,  first 
proposed  some  40  years  ago  to  model  the  strain  hardening  behavior  of 
metals,  was  found  to  represent  the  nonlinear  stress  strain  relationships 
of  clay  soils,  exhibiting  strain  hardening  under  rapid  loading  conditions, 
reasonably  well.  Since  algorithms  to  treat  material  nonl inearities  repre¬ 
sented  by  the  Ramberg-Osgood  formula  were  already  available  in  the  finite 
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element  code,  this  formula  has  been  accepted  to  represent  the  nonlinear 
stress  strain  behavior  of  the  frictionless  clay  material  assumed  in  the 
analyses. 

The  Ramberg-Osgood  representation  of  nonlinear  stress-strain  properties 


where  the  three  parameters  defining  the  nonlinear  relationship  are: 

E  »  initial  tangent  modulus 

an  7  *  stress  at  which  the  stress-strain  curve  has  a  secant 

modulus  of  0.7E 

n  *  exponent  defining  the  rate  of  strain  hardening  in  the 
plastic  range. 

Equation  1  is  used  in  the  finite  element  code  to  define  the  nonlinear 
stress-strain  relationship  in  the  plastic  range,  when  the  stress  exceeds 
the  yield  point,  (Fig.  1).  Up  to  that  point,  the  stress-strain  curve 
is  linear.  Stra1nuupon  unloading  follows  a  linear  path  parallel  to  that 
in  the  elastic  range,  as  shown  in  Fig.  1. 


of  Nonlinear 

Strain  Hardening  Straw  Strain  Balationahip 


For  the  purposes  of  the  analysis  presented  herein,  the  properties  of  the 
clay  material  were  assumed  to  be  represented  by  the  following  parameters: 
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THE  "DYCAST"  FINITE  ELEMENT  CODE 


The  Dynamic  Crash  Analysis  of  Structures  (DYCAST)  code  of  the  Grumman 
Research  A  Development  Center  was  developed  for  the  nonlinear,  elastic- 
plastic,  dynamic  analysis  of  structures,  primarily  for  the  evaluation  of 
the  crashworthiness  of  various  vehicle  designs.  For  general  information 
on  the  theoretical  background  of  the  code,  the  reader  Is  referred  to  the 
DYCAST/GAC  Theoretical  Manual  (Ref.  2).  Program  parameters  and  options, 
available  elements,  applicable  nodal  constraints  and  loading  options  are 
described  in  detail  in  the  Users  Manual  (Ref.  3).  The  following 
discussion  Is  limited  to  the  adaptation  of  the  code  to  the  analysis  of 
ground  deformations  beneath  moving  track  loads,  and  problems  associated 
with  the  use  of  the  code  for  this  purpose. 

Of  the  elements  available  In  the  code,  only  the  triangular  membrane  and 
the  spring  element  were  used  In  the  analysis.  Their  usage  Is  discussed  in 
the  next  chapter.  The  triangular  membrane  element,  defined  by  three 
nodes,  used  in  the  analysis  assumes  constant  strain  within  the  triangle. 
Transitional  triangles  are  employed  where  different  size  triangles  are 
Joined  In  areas  of  mesh  refinement.  These  triangles  contain  additional 
midside  nodes,  as  necessary.  To  accomodate  these  additional  nodes,  a 
linear  strain  distribution  is  assumed  within  the  transitional  triangles 

Of  the  time  integration  method  options  available  In  the  code  the  Explicit 
Modified  Adams  predictor-corrector  method  was  used  In  the  analysis 
presented  herein.  This  Integrator  automatically  chooses  the  time  step  to 
reflect  current  system  stiffness  and  dynamic  response. 

Currently  applied  loading  can  be  Input  In  DYCAST  In  separable  form, 

P(x,t)  -  p(x)  g(t) 

where  the  p(x)  represents  the  special  distribution  of  forces  on  node 
points  and  g(t)  is  the  time  distribution  of  a  load  factor  parameter.  The 
function,  g(t)  is  Input  in  DYCAST  as  a  table  of  load  factor  versus  time. 
Only  one  table  is  currently  available  In  the  code.  Consequently,  a  new 
loading  option  has  been  added  to  the  code  to  allow  the  simulation  of  the 
moving  of  the  track  load  over  the  surface.  This  new  option  specifies  a 
time  delay  between  nodes  accepting  concentrated  loads.  Combination  of 
this  option  with  the  specification  of  loading  time  history  under  the  key 
word  "PTME"  allows  the  simulation  of  traveling  track  loads,  as  shown  in 
Fig.  2. 


DEVELOPMENT  OF  FINITE  ELEMENT  MESH 


In  vehicle-terrain  Interaction  problems,  the  terrain  is  generally  con¬ 
sidered  to  be  of  large,  often  Infinite  extent.  In  the  modeling  of  the  be¬ 
havior  of  such  a  continuum  by  a  mesh  of  finite  size,  the  conditions  at  the 
mesh  boundaries  require  special  attention.  In  dynamic  analysis,  rigid 
boundaries  are  the  source  of  reflected  stress  waves  which  may  or  may  not 
significantly  affect  the  problem  solution.  In  the  present  problem,  the 
seat  of  soil  deformations  Is  In  a  shallow  depth  beneath  the  surface.  The 
farther  the  mesh  boundaries  are  from  the  seat  of  deformations  the  less  the 
effect  of  the  reflected  stress  waves  on  these  deformations.  Preliminary 
analyses  were  made  to  study  the  effect  of  stress  waves  on  the  deformations 
of  the  surface.  The  mesh  used  In  the  final  analysis  Is  shown  In  Fig.  3; 
nonlinear  spring  elements  (not  shown  In  Fig.  3)  Join  the  nodes  at  the 
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Fig.  2  Tima  Delayed  Loading  Option 


vertical  boundaries  of  the  mesh.  The  parameters  of  these  nonlinear  spring 
elements  were  estimated  on  the  basis  of  the  magnitude  of  passive  earth 
pressure  and  associated  displacements  at  the  node  locations.  These 
springs  lessen  the  reflection  of  horizontal  stress  waves  from  these 
boundaries  and  simulate  the  restraining  effect  of  the  continuum  adjoining 
the  vertical  boundaries  of  the  mesh. 

All  nodes  at  the  horizontal  mesh  boundary  at  6  ft  depth  were  assumed  to  be 
fixed  for  the  following  reasons.  While  stresses  and  dlsplaceaients  of  the 
terrain  are  often  computed  by  formulas  valid  for  a  semi-infinite 
half-space,  In  reality  the  soft  soil  conditions  of  particular  interest  In 
mobility  research  occur  only  to  some  limited  depth  where  bedrock  or  other 
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firm  soil  layer  Is  encountered.  Thus,  In  the  vertical  direction.  It  Is 
more  realistic  to  allow  for  a  rigid  boundary  at  some  depth  than  to  apply 
some  artificial  system  there  to  simulate  the  effect  of  an  adjoining 
Infinite  continuum  of  the  same  material. 

PRESSURE  DISTRIBUTION  PATTERNS 


Tracked  vehicles  transmit  vertical  forces  through  road  wheels  and  their 
suspension  systems  to  the  tracks.  Tractive  (horizontal)  forces  In  the 
track  are  generated  by  the  driving  sprocket.  The  track  pad  and  shoes 
distribute  these  forces  over  the  contact  area.  Various  patterns  of 
pressure  distribution  result,  depending  on  the  relative  stiffness  of  the 
suspension  system  and  the  ground,  and  the  flexibility  and  Initial  tension 
of  the  track. 

To  evaluate  the  effect  of  pressure  distribution  on  ground  deformation, 
three  pressure  distribution  patterns  have  been  selected  for  the  analyses 
as  shown  In  Fig.  4.  All  three  are  equivalent  as  far  as  total  load  is 
concerned  and  correspond  to  an  average  value  of  the  vertical  normal 
pressure  of  about  7.5  psl  over  the  assumed  10  ft  long  x  1.25  ft  wide 
contact  area.  For  the  convenience  of  reference,  the  pressure  distribution 
at  the  top  of  Fig.  4  Is  called  uniform,  although  allowance  is  made  for  a 
time  rate  of  rise  and  decline  of  the  uniform  pressure  over  a  0.5  ft  length 
at  the  ends  of  the  contact  area.  The  pressure  distribution  shown  In  the 
middle  of  Fig.  4  Is  referred  to  as  a  pattern  with  "low  peaks,"  1.58  times 
the  uniform  pressure.  Between  the  peaks,  there  Is  a  low  pressure  equaling 
0.2  times  the  uniform  pressure.  The  pressure  distribution  shown  at  the 
bottom  of  Fig.  4  is  a  pattern  with  "high  peaks",  2.12  times  the  uniform 
pressure.  The  areas  between  the  peaks  carry  no  load. 

The  horizontal  or  tangential  stresses  as  transmitted  to  the  ground  are 
assumed  to  be  distributed  in  the  same  pattern  as  the  vertical  normal 
stresses.  Their  magnitude  is  assumed  to  be  in  a  selected  proportion  to 
the  vertical  stresses.  Several  horizontal/vertical  stress  ratios  have 
been  selected  In  the  analysis  to  evaluate  the  effect  of  this  ratio  on 
ground  deformations. 
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The  assumed  pressure  distributions  are  Idealizations  of  distributions 
observed  In  various  field  experiments  and  represent  a  realistic 
approximation  of  pressure  distribution  variations  expected  to  occur 
beneath  tracks  supported  by  five  road  wheels. 

Since  the  triangular  elements  of  the  finite  element  code  accept  only  loads 
concentrated  at  the  nodes,  the  pressure  distribution  patterns  were 
converted  to  concentrated  loads  acting  on  nodes  30-38  (Fig.  3). 

SIMULATION  Of  VEHICLE  TRAVEL 

The  representation  of  a  continuum  of  large  horizontal  extent  with  a  rela¬ 
tively  small  finite  mesh  poses  problems  for  the  simulation  of  traveling 
vehicle  loads.  The  following  two  alternatives  were  considered  for  the 
simulation. 

•  The  vehicle  Is  assumed  to  travel  at  steady  speed 

•  The  vehicle  accelerates  from  a  standing  position  to  a  given  speed  and 
maintains  that  speed  during  passage  of  the  vehicle  over  a  point  In 
the  ground. 

While  this  latter  assumption  Is  the  desirable  choice.  Its  adoption  would 
have  required  a  much  larger  mesh  than  that  shown  In  Ftg.  3  and  appreciable 
computer  time  for  the  analysis,  since  computations  for  the  accelerating 
stage  Increase  the  total  time  significantly.  The  assumption  of  steady 
state  speed,  on  the  other  hand.  Involves  approximations  In  regard  to  the 
loads  applied  at  the  surface. 

The  assumption  of  steady  state  speed  Implies  that  the  vehicle  arrives  at 
the  mesh  boundary  with  that  sttady  speed.  Thus,  all  nodes  at  the  surface 
should  receive  loads  for  a  duration  appropriate  for  the  travel  velocity. 
However,  the  triangular  elements  adjoining  the  vertical  boundary  of  the 
mesh  are,  except  for  the  nonlinear  springs,  laterally  unsupported  and 
would,  therefore,  exhibit  excessive  and  unrealistic  strains  If  directly 
loaded.  The  compromise  solution,  adopted  In  the  analysis.  Is  that  loading 
for  a  vehicle  traveling  from  left  to  right  starts  at  Node  30  and  continues 
through  Node  38  (Fig.  3).  The  track  position  of  Interest  Is  when  the 
loading  reaches  Node  38.  At  this  time,  the  10  ft  contact  length  of  the 
track  covers  five  triangular  blocks  ending  at  Node  33.  A  typical  deformed 
mesh  corresponding  to  this  position  of  the  track  Is  shown  In  Fig.  5. 
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Ground  deformations  in  this  position  are  thought  to  be  representative  of 
those  occurring  beneath  a  vehicle  traveling  at  steady  speed, 
hypothetically  from  an  infinite  distance.  The  deformations  to  the  left  of 
Node  33  are  not  necessarily  representative  of  those  occurring  behfnd  a 
tracked  vehicle  traveling  at  steady  speed  and  definitely  do  not  signify  a 
rebound  but  rather  the  lack  of  loading  In  this  part  of  the  surface.  The 
role  of  the  part  of  the  mesh  to  the  left  of  the  Node  33  is  to  simulate  the 
action  of  the  continuum  behfnd  the  track,  and  not  the  determination  of  the 
deformations  of  that  region. 


CASES  ANALYZED 


In  accordance  with  the  scope  of  this  project,  the  effect  of  the  following 
input  variations  on  ground  deformation  has  been  investigated: 

e  Soil  thrust  (tractive  force) 

e  Pressure  distribution 

e  Speed. 

To  keep  the  total  nuai>er  of  analyses  to  a  reasonable  level,  the  effect  of 
each  of  these  input  variables  was  analyzed  for  one  combination  of  the 
other  Input  variables  only.  The  matrix  of  the  analyzed  cases  Is  shown 
below. 


SPEED 

FT/SEC 

F./F 
h'  v 

BRAKING  DRIVING 

-.5  -.3  .1  0  .1  .3  .5  .67 

10 

U 

15 

H.U.L 

20 

L 

30 

U  U  U  U  U  H.U.L  U  U 

60 

H,U,L  U 

•  Horizontal  force  (soil  thrust) 

Fy  *  Vertical  force 

U  *  Uniform  pressure  distribution 
t  *  Pressure  distribution  with  "Low  peaks" 

H  •  Pressure  distribution  with  "High  peaks" 

RESULTS  Of  THE  ANALYSIS 


The  analysis  of  ground  deformations  beneath  moving  track  loads  brought 
forth  an  abundance  of  Information  on  the  time  history  of  stresses  In  each 
element  and  displacements  of  each  node  of  the  mesh  representing  the  soil 
mass.  For  brevity,  only  those  results  are  reported  herein  which  have 
direct  bearing  on  track  performance. 

The  full  line  in  Fig.  6  shows  the  variation  of  soil  thrust  with  slip  due 
to  ground  deformation  for  the  case  of  uniform  pressure  distribution.  Soil 
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ft%.  6  Soil  Thrust  (H)-SUp  RsUtionship  tor  Uniform  Prsmura  Distribution 


thrust  is  the  propelling  force  fro*  which  the  motion  resistance  would  have 
to  be  deducted  to  obtain  the  net  drawbar  pull.  The  major  component  of  the 
motion  resistance  Is  due  to  the  trim  angle,  obtained  In  the  analyses.  The 
dotted  line  In  Fig.  6  shows  the  drawbar  pull  approximated  as  the  soil 
thrust  minus  motion  resistance  due  to  trim  angle.  Point  "A"  In  the  figure 
indicates  the  case  for  which  the  deformed  mesh  Is  shown  In  Fig.  5. 

The  slip  value  shown  In  Fig.  6  Is  an  average  value  of  that  portion  of  the 
slip  which  Is  caused  by  ground  deformation.  Note  that  ground  deformation 
itself  may  be  responsible  for  as  high  a  slip  as  201. 

Other  components  of  the  total  slip  Include  the  slip  due  to  tire  deforma¬ 
tions  and  separation  of  the  solid-soil  Interfaces.  The  magnitude  of  the 
former  Is  difficult  to  estimate  but  In  all  probability  It  Is  much  smaller 
than  that  caused  by  ground  deformation. 

Separation  of  the  solid-soil  Interfaces  may  occur  whenever  the  shear 
stress  exceeds  the  strength  of  the  Interface.  This  will  be  discussed  in 
more  detail  later  In  connection  with  the  displacement  and  velocity  history 
of  the  Individual  nodes  during  passage  of  the  track  load. 

Figure  7  shows  the  variation  of  slnkage  with  soil  thrust  for  uniform 
pressure  distribution  for  the  whole  range  of  soil  thrust.  The  effect  of 
pressure  distribution  with  low  and  high  peaks  Is  shown  for  a  limited  range 
of  soil  thrust,  encountered  most  comonly  In  driving  conditions.  At  the 
right  side  of  the  figure,  the  coefficient  of  motion  resistance  due  to  the 
trlammd  position  of  the  track  is  shown.  The  solid  line  Indicates  that 
even  pressure  distribution  Is  most  helpful  In  keeping  slnkage  and  motion 
resistance  low;  the  Increase  of  slnkage  with  the  absolute  value  of  soil 
thrust  Is  the  most  Important  feature  of  track-soil  Interaction. 


286 


f  t%.  7  Effect  of  SoH  Thrum  ft  Pi— urc  Dttribution  Pattern  on 
Sink  age  ft  Coofficiant  of  Motion  Reaiatanoe 


figure  8  shows  the  effect  of  speed  and  pressure  distribution  on  slnkage 
and  the  notion  resistance  generated  by  the  trlamed  position  of  the  track. 

It  Is  apparent  fron  the  figure  that,  from  the  motion  resistance  point  of 
view,  evenly  distributed  pressures  and  high  travel  velocity  are  the  most 
advantageous.  An  Increase  In  the  travel  velocity  from  10  to  60  ft/sec 
reduces  the  slnkage  to  about  half  of  Its  Maxima*  value  exhibited  at  10 


Pig.  •  Effect  of  Travel  Velocity  ft  Praaiure  Distribution  Pattern  on 
Mnfcog*  ft  CooffMant  of  Motion  Waaiatanc* 


COEFFICIENT  OF  MOTION  RESISTANCE 
DUE  TO  TRIM  ANGLE 
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ft/sec  in  the  case  of  uniform  pressure  distribution  and  even  more  in  the 
case  of  pressure  distributions  with  peaks.  For  the  case  indicated  by  “B" 
In  the  figure,  the  deformed  mesh  is  shown  in  Fig.  9. 

The  magnitude  of  slip  caused  by  the  horizontal  deformation  of  the  ground 
is  also  affected  by  both  the  pressure  distribution  and  travel  velocity. 
Figure  10  shows  the  variation  of  slip  with  the  pressure  distribution 
pattern  and  travel  velocity  for  a  soil  thrust  of  0.81  kips/node,  30*  of 
the  vertical  load/node.  This  useful  and  novel  Information  on  the 
interrelationship  among  slip,  pressure  distribution  and  track  velocity 
refers  to  one  type  of  clay  soil.  More  Important  than  the  results  shown  In 
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the  figure  for  this  soil  Is  that  the  methodology  to  obtain  such 
Information  has  been  developed  and  can  be  applied  to  other  cases. 

Displacements,  velocities  and  accelerations  of  each  node  are  computed  for 
every  time  Increment  by  the  Integration  of  the  differential  equations  of 
motion.  Of  these,  the  displacements  and  velocities  of  the  loaded  nodes  at 
the  surface  are  of  particular  Interest,  since  the  vertical  displacements 
of  the  surface  nodes  may  be  equated  with  slnkage  and  the  horizontal 
displacements  are  the  principal  cause  of  slip.  An  example  of  the  time 
history  of  x  (horizontal)  and  y  (vertical)  displacements  Is  shown  In  Fig. 
11  for  Node  33  for  the  case  of  a  pressure  distribution  with  low  peaks  and 
30  ft/sec  travel  velocity.  The  effect  of  pressure  variation  Is  barely 
discernible  In  the  plots.  The  total  horizontal  displacement  of  this  node 
at  the  time  It  was  jest  passed  by  the  moving  track  load  (t  •  0.5333  sec) 

Is  opposite  to  the  direction  of  travel  and.  In  effect,  reduces  the 
distance  traveled.  This  travel  reduction  Is  Identified  as  slip  In 
off-road  mobility  research  terminology. 

The  time  histories  of  x  and  y  velocities  of  the  same  node,  shown  In  Fig. 
12,  reveal  that  the  slip  Is  not  uniform  over  the  length  of  the  contact 
area.  The  velocity  variations  reflect  the  changes  In  the  pressure 
distribution.  From  the  travel  velocity  and  average  slip,  the  track 
velocity  computes  as  32.8  ft/sec  on  the  average.  The  first  peak  In  the  x 
velocity  occurs  shortly  after  the  loading  of  Node  33  begins  at  t  ■  0.2 
sec.  The  amplitude  of  the  peak  far  exceeds  the  average  track  velocity 
Indicating  that  the  assumed  rate  of  loading  Is  too  high.  To  eliminate 
this  Inconsistency,  the  development  of  an  Interface  element,  simulating 


Fig.  11  Tima  Hlaaorlii  of  X  and  Y  Otapiaaamants  of  Node  83,  Pr—ura  Distribution 
aMlawMa 
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the  load  transfer  between  track  and  soil.  Is  contemplated.  Such  an 
element  would  allow  for  relative  displacements  between  track  and  soil  and 
the  development  of  shear  stresses  consistent  with  an  Interface  shear 
strength-displacement  relationship. 

The  y  velocities  shown  In  Fig.  12  also  show  the  response  of  the  soil  to 
the  pressure  Impulses  represented  by  the  peaks  In  the  pressure 
distributions.  It  Is  Interesting  to  note  that  between  the  positive 
(downward)  velocity  peaks  the  velocities  become  negative  (upward) 
corresponding  to  a  soil  response  that  tends  to  flex  the  tracks  upward  In 
between  the  road  wheels. 


CONCLUSIOWS 


A  methodology,  using  finite  element  analysis  techniques,  has  been 
developed  for  the  determination  of  the  deformation  of  clay  soils  under 
moving  track  loads.  Nonlinear  stress-strain  properties  as  well  as  plastic 
behavior  of  soil  have  been  modeled  and  together  with  the  dynamic 
capabilities  of  the  finite  element  code  fully  utilized  In  the  analyses. 
This  methodology,  for  the  first  time  In  off-road  mobility  research,  makes 
the  quantitative  evaluation  of  the  effect  of  pressure  distribution  and 
travel  velocity  on  soil  deformation  Induced  slip,  trim  angle  and  motion 
resistance  feasible.  Results  of  the  analysis  of  selected  cases,  shown 
graphically.  Indicate  that  these  effects  are  significant.  The  method  Is 
also  suitable  for  the  performance  of  parametric  analysis  needed  for  design 
optimization. 
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A  RIG  FOR  TESTING  THE  SOFT  SOIL  PERFORMANCE  OP  TRACK  SYSTB4S 
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INTRODUCTION 


For  a  given  level  of  performance  the  track  and  auapenalon  system  of  a 
military  tracked  vehicle  muet  be  aa  light  and  compact  aa  possible  to 
maximise  weight  and  volume  available  for  crew  and  payload  (armour 
protection,  weapon  and  coaaunlcatlon  systems,  ammunition,  fuel,  etc). 
Although  track  systems  have  been  used  on  military  vehlclea  for  some  seventy 
years  methods  for  predicting  their  performance  In  aoft  aoll  -  and  actual 
performance  measurements  -  are  limited  and,  even  with  Its  shortcomings, 
the  nominal  ground  pressure  ten^remalns  the  performance  comparator  most 
commonly  used  by  vehicle  designers.  This  Is  partly  because  of  the 
complexity  of  devising,  proving  and  using  Improved  methods  and  partly 
because  military  vehicle  testing  and  training  areas  tend  to  be  on  sandy 
frictional  soils  where  tracked  vehicles  rarely  exhibit  mobility  problems. 
Operational  areas  are  likely  to  Include  silty  and  clay  aolls  where 
differences  In  track  system  design  will  affect  performance  to  a  much 
greater  degree.  If  an  Improved  track/soil  modal  was  available  overall 
automotive  system  performance  models  could  also  be  Improved  and  designers 
would  be  able  to  make  more  rational  choices  between  often  conflicting 
requirements  -  for  example:" 


-  Increasing  the  number  of  wheels  should  Improve  soft  soil  performance  and 
also  reduce  aponson  height  but  Increase  cost  and  weight. 

-  Increasing  wheel  diameter  Is  likely  to  Improve  soft  soil  performance  but 
Increase  sponaon  height,  weight  and  cost. 

-  Increasing  track  width  should  Improve  soft  soli  performance  and  reduce 
bush  loading  but  will  reduce  space  available  Inside  the  vehicle. 

-  Increasing  track  pitch  la  likely  to  Improve  soft  soil  perfromance  and 
reduce  track  weight  but  Increase  the  level  of  vibration  due  to  chordal 
action  and  reduce  the  life  of  track  bushings. 

-  Increasing  track  contact  length  Is  likely  to  Improve  straight  line  soft 
soil  performance  but  may  Increase  slewing  moments  required  to  eteer  the 
track. 


The  Important  soft  soil  performance  parameters  for  s  military  tracked 
vehicle  are  generally:- 

-  Limiting  go/no  go  soil  strength  -  this  defines  the  areas  of  terrain 
generally  accessible  to  a  vehicle  under  particular  soil  and  weather 
conditions. 

*  NCP  -  vehicle  weight/track  width  x  track  contact  length  x  number  of 
tracks. 
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-  Tractive  rolling  realatanca  -  the  lower  thla  la  tha  greater  the 

potential  speed  and  range  of  a  vehicle.  Rolling  realatance  la  usually 
conaldered  divided  between  Internal  and  asternal  coaponenta  -  the 
Internal  being  Che  proportion  due  to  sprocket  engagement,  pin,  bearing 
and  seal  friction,  rubber  hysteresis  losaea  (road  wheels.  Idlers, 
bushes,  pads,  return  rollers),  horn  rubbing  etc.,  and  the  external 
component  due  to  work  done  In  aoll  deformation. 

Net  traction  la  required  to  enable  a  vehicle  to  climb  gradients, 
accelerate  and,  for  a  akld  steered  vehicle,  to  ateer  although  the 
straight  line  traction  considered  here  will  only  give  a  comparative 
Indication  of  traction  required  to  steer  a  vehicle.  Tha  development  of 
external  traction  (or  drawbar  pull)  la  important  for  towing  dead 
vehicles,  bulldoclng,  mine  clearing,  ate. 


The  development  of  high  tractive  efficiency  under  traction  conditions 
la  Important  In  that  It  affects  vehicle  acceleration  and  speed  on 
gradlenta  but  la  not  as  Important  for  overall  fuel  efficiency  as  on, 
for  example,  an  agricultural  tractor  used  for  ploughing. 


SOIL/ TRACK  «T8TW  PERFORMANCE  MODELS 

A  number  of  theoretical,  eeml -empirical  or  totally  empirical  models  of 
eoll/tracked  vehicle  performance  exist  although  details  of  validation 
testa  with  most  of  these  models  are  generally  sparse.  They  Include 


1.  The  WES  VC1  method  (Ref  I)  which  la  a  totally  empirical  method  based 
on  ln-soll  measurementa  of  vehicle  performance.  Cone  Index  (Cl),  or 
Rating  Cone  Index  (RCI),  la  used  for  describing  soil  strength.  The 
method  epplles  to  coheelve  fine  grained  soils  and  the  first  atage 
In  using  It  la  to  compute  a  Nobility  Index  (MI)  from  vehicle 
parameters.  In  essence  MI  takes  the  form 


50  kW  +  W 

~bTF  10  nbp 


where  V 

b 

1 

a 

P 

k 


vehicle  weight  (lbf) 

track  width  (Ins) 

length  of  track  on  ground  (Ins) 

total  number  of  road  wheels 

track  pitch  (Ins) 

dependa  on  vehicle  weight 


Various  other  correcting  factora  for  ground  claaranea,  power/welght 
ratio,  transmission  type  etc.,  are  alao  Included  In  MI  but  have  a 
relatively  small  lnfluenea  on  Its  valua.  The  second  term  looks 
promising  In  that  It  has  units  of  pressure  and  appears  to  make 
allowance  for  the  peaks  of  presaure  which  occur  under  road  wheels. 

The  first  term  however  has  the  rather  Inappropriate  unite  (for  a 
cohesive  soll/vehlele  model)  of  specific  weight  and  appears  to  give 
undue  benefit  to  wide  tracka.  If  figures  for  a  typical  heavy  armoured 
vehicle  are  Inserted  Into  the  relationship  we  get 
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l.c.  Che  first  Cera  with  lee  racher  unsatisfactory  fora  la  by  far  the 
doalnant  one.  The  Halting  go/no  go  aoll  strength  VCI  (Vehicle  Cone 
Index)  can  then  be  eatlaated  froa  an  eaplrlcal  relationship  and  la 
approxlaately  proportional  to  MI.  Drawbar  pull  and  rolling 
realatance  In  aoll  of  a  particular  strength  can  be  eatlaated  froa 
staple  relationships  based  on  'excess'  RCI  (actual  RCI  -  VCI). 

The  Bekker  aethod  (2)  uses  the  well  known  two  part  Bevsaeter 
Instrument  to  aeasure  aoll  values.  A  plate  slnkage  test  Is  used  to 
slaulate  vehicle  slnkage  and  predict  rolling  resistance.  A  ring 
shear  teat  la  used  to  slaulate  and  predict  gross  traction.  Net 
traction  la  computed  sa  the  difference  between  gross  traction  and 
rolling  realatance.  The  track  la  assuaed  to  act  as  a  rigid  flat 
plate  which  aay  be  reasonable  for  a  crawler  tractor  with  closely 
spaced  wheels  but  Is  unlikely  to  be  so  for  the  usual  type  of  military 
vehicle  sprung  track  systea.  Although  some  Impressive  looking 
predictive  equations  have  been  published,  details  of  validation 
studies  of  the  aethod  are  Halted. 

The  aethod  Is  now  being  considerably  extended  by  Wong  ())  who  still 
uses  the  basic  bevsaeter  lnatruaent  for  aeasurlng  soil  properties  but 
In  a  vehicle  aounted  fora  with  automatic  data  processing.  The 
pressure  slnkage  relationship  under  repetitive  loading  and  the  slip 
slnkage  characteristics  of  the  terrain  are  also  aeaaured.  In 
modelling  the  soll/vehlcle  Interaction  the  track  Is  assuaed  equivalent 
to  a  flexible  and  lnextenslble  belt.  Positions  and  dlaaeters  of 
roadwheels,  sprocket,  Idler  and  support  rollers  are  specified.  Using 
the  measured  soil  characteristics  a  systea  of  equations  are  set  up 
for  the  equilibrium  of  forces  and  aoaents  acting  on  the  track  system 
and  for  conservation  of  track  length.  The  deflected  shape  of  the 
track  and  track/soll  contact  stresses  are  computed.  Only  a  Halted 
aaount  of  data  on  validation  studies  have  so  far  been  published  but 
the  systea  shows  proalae  especially  If  computer  Implementation  Is 
relatively  staple  and  a  range  of  'standardised'  soli  values  can  be 
made  available  for  use  be  designers.  The  lack  of  track  link  pitch  as 
a  vehicle  parameter  can  be  questioned  since  this  has  been  shown  to  be 
a  significant  factor  (4)  as  can  the  assuaptlon  that  the  road  wheels 
are  rigidly  attached  to  the  body  although  It  would  appear  relatively 
easy  to  Include  suspension  deflection  effects. 

Turnage  has  performed  some  laboratory  tests  with  a  modular  track  rig 
(5)  In  dry  sands  and  near  saturated  clays.  Cone  Index  was  used  to 
aeasure  soil  strength.  The  track  was  a  belt  type  with  bolted  on 
shoes.  Track  contact  length  and  width,  and  spacing  and  number  of 
wheels  could  he  altered.  Most  of  the  test  work  was  with  the  sands 
but  a  preliminary  dlaenslonless  prediction  tern  for  clays  was  also 
suggested  In  the  fora 


Cl  bt  (JJ_)0.5 
W  (WMx) 

bottom  out  on  suspension 


W  “  Total  load  on  track 

Max  «  Load  to  cause  bogles  to 


1*  CI_  (  W  )0»> 

HCP  (Max) 

(_W_)°.5 

(Max)  la  apparently  a  term  to  allow  tor  tha  af facta  of  load 
concentrations  undar  tha  whaala  but  lta  derivation  la  not  aaijr  to 
follow. 

5.  In  1972  Rowland  evolved  tha  mean  maximum  praaaura  (W7)  tarn  (4) 

d  »  diameter  of  road  whaala 
a  ■  ratio,  actual  araa  of 

track  link/nominal  araa, 
pb. 

which  corralatad  wall  with  measured  In  aoll  praaaura  paaka  undar 
road  whaala.  Rowland  poatulatad  that  IMP  would  bn  axpactad  to 
give  a  guide  to  tha  aoft  aoll  behaviour  of  trackad  vehicles  and 
ahowad  that  It  waa  linearly  ralatad  to  Halting  go/no  go  aoll 
atrangth  (Cl  or  RCI)  In  clay  and  organic  aolla.  Ha  alao  produced 
a  relatloaahlp  for  external  rolling  raelatanca  In  clay  aolla  (6) 

(Hip)  1  *95 

R1  "  °*28  ( CT )  Where  C„  -  coefficient  of 

external  rolling  raelatanca 

Cl 

and  further  hypothealaed  that  IMP  could  be  used  aa  a  describing 
nobility  nun bar  for  track  ayatana  and  In  tha  for* 

H  -2.8  (Cl  )0,72  could  be  conparabla  to  tha  WES 
C  (IMP) 

pnaunatlc  tyre  nobility  nunbara  and  their  predictive  performance 
relatlonehlpe  (7). 

THE  HTEE  HOULE  TESTER 

A  prlna  requirement  of  thla  Investigation  waa  a one  mean a  of  obtaining 
accurate  in  aoll  performance  maaaurananta  for  a  variety  of  track  system 
configurations.  It  was  decided  that  a  mobile  tester  of  tha  type  used 
by  R1AE  and  others  waa  tha  moat  adaptable  and  cost  affective  way  of 
obtaining  this  Information.  Laboratory  seals  nodal  tasting  can  give 
useful  Information  but  would  still  need  to  be  corralatad  with  full 
scale  tasting.  Pull  scale  laboratory  tasting  la  aoll  pita  presents 
formidable  problems  of  aoll  processing  especially  with  clay  soils  and 
has  now  been  abandoned  at  MVEE.  Thera  are  various  experimental 
difficulties  with  using  a  vehicle  to  measure  In  aoll  performance  - 
controlling  slip  for  example  -  and  extensive  modifications  would  be 
required  to  fit  different  track  oyaten  configurations  to  the  vehicle. 

The  KVEE  mobile  teeter  (Pig  1)  la  based  on  a  crawler  chaasla  to  enable 
It  operate  effectively  In  weaker  aolla  and  la  capable  of  testing  wheels 
(8)  as  well  as  the  modular  track  rig  described  here.  The  track  rig  la 
carried  In  an  arch  frame  and  connected  to  the  tester  by  parallelogram 
links  which  can  also  lift  the  rig  clear  of  the  ground  when 
manoeuvring.  Hydrostatic  drive  motors  are  accommodated  within  the 
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track  rig  and  are  connected  to  the  track  aprocketa  via  roller  chains.  The 
track  rig  la  normally  freely  pivoted  In  pitch  to  alaulate  straight  running 
of  a  two  track  skid  steered  vehicle  although  pitch  restraint  can  be  applied 
to  the  rig  to  alaulate  certain  typea  of  articulated,  wagon  ateer  and  half 
track  vehicle.  The  position  of  the  rig  to  fraae  pivot  point  can  be 
adjusted  to  teodel  different  c.g.  positions  and  'traction  centre’  heights. 

The  track  rig  Is  1.2  a  froa  Idler  to  sprocket  centre  with  a  noalnal 
dimension  of  2.0  a  between  front  and  rear  wheels.  The  maximum  road  wheel 
size  Is  0.61  a  dla  and  2,  1  or  4  of  these  can  be  fitted.  Up  to  eight 
0.26  a  dla  wheels  can  be  used.  0.16  a  and  0.61  a  dla  wheels  can  also  be 
fitted  in  various  2,  1,  4,  6  and  6  wheel  configurations.  A  variety  of 
link  tracks  up  to  a  aaxtaua  width  of  0.61  a  can  be  used.  A  staple  band 
track  la  also  available. 

The  wheels  are  carried  on  pivoted  balance  beaas  to  accoaaodate  terrain 
roughness.  When  the  rig  was  designed  consideration  was  given  to  the  use  of 
an  Individual  wheel  sprung  suspension  but  space  was  not  available  in  the 
rig  to  accosModate  the  springs  and  the  wide  range  of  Individual  wheel 
loadings  would  have  required  a  range  of  springs  of  various  rates.  The  use 
of  load  equalising  balance  beaas  la  a  reasonable  coaproalse  -  coapared 
to  a  sprung  suspension  weight  transfer  Is  reacted  between  a  forward  set  of 
equally  loaded  wheels  and  a  rearward  set  of  equally  loaded  wheels.  With  a 
sprung  suspension  weight  transfer  la  generally  proportional  to  the  distance 
froa  the  'spring  centre'  (usually  near  the  centre  of  the  vehicle)  and 
spring  deflections  will  also  alter  the  approach  and  departure  angles  of 
the  track.  The  rig  can  be  turned  round  to  provide  a  forward  or  rear  drive 
sprocket  and  approach  and  departure  angles  can  be  adjuated.  Total  ground 
load  can  be  varied  by  aeans  of  ballast  weights  between  approx  25  kN  and 
55  kN. 

Tractive  forces  from  the  rig  are  Manured  by  a  pair  of  horizontal 
transducers.  Sprocket  torque  Is  Manured  by  a  strain  gauged  shaft  within 
the  sprocket  hub  which  carries  torque  between  the  chain  sprockets  and  track 
sprockets.  Signals  are  fed  out  via  slip  ring  boxes.  Sprocket  speed  Is 
■ensured  by  a  toothed  ring  and  Inductive  pick  up  within  the  huh.  Although 
other  Methods  have  been  used  forward  speed  Is  now  Manured  by  a  toothed 
ring  on  the  tester  sprocket,  tests  having  shown  tester  track  slip  to  be 
very  SMll  under  aoet  conditions. 

EXFEMHEKTAL  PROCEDURE 


For  the  trials  reported  here  the  rig  was  used  In  Its  rear  drive 
configuration  with  the  external  pivot  point  at  ald-wheelbase  and  at  a 
height  above  ground  to  give  approxlMtely  the  ssm  ratio  of  traction  centre 
height  to  wheelbase  as  c.g.  height  to  wheelbsss  on  a  typical  tracked 
ansoured  vehicle.  Tests  were  generally  perforMd  at  a  vertical  load  of 
55  kN  although  som  tests  were  run  at  half  this  load.  The  following  track 
syatew  configurations  were  used: 
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No  of  wheel a 

Die  of  wheela 

track  (eee  Pig 

2) 

Type 

width,  b 

Pitch,  p 

Area  ratio,  a 

8 

0.254 

A 

0.343 

0.117 

0.831 

4 

0.610 

A 

0.343 

0.117 

0.831 

C 

0.343 

0.230 

0.831 

D 

0.425 

0.116 

0.672 

E 

0.288 

0.116 

0.814 

0.432 

A 

B 

0.254 

A 

2 

0.610 

_ 

A 

*  Track  A  last  rub bar  pads. 

All  tracke  rub bar  buahed  except  track  C  which  la  dry  plnnad. 


Taata  ware  performed  by  tha  prograaalve  allp  Bat hod.  Tha  track  apaad  was 
held  noalnally  conataat  and  tha  parant  aahtcla  apaad  aarlad  to  give  a 
range  of  ellpe  froa  approx  -20Z  to  >1002  with  alow  tranaltlon  through  tha 
laportant  -5  to  >301  allp  region.  Naaauraaenta  of  net  thruat,  aprocket 
input  torque,  aprocket  apaad  and  forward  apaad  ware  recorded  on  aagnetlc 
tape. 

kuna  were  aada  at  two,  (aoaatlaaa  three)  track  tenalona,  with  at  laaat  12 
runa  per  track  configuration. 

Soil  atrength  aeaaureaenta  ware  aada  by  cone  penetroaeter  -  at  laaat  6 
aeaaureaenta  per  run  -  with  a  concentration  of  aaaauraaanta  In  to 
0  to  201  allp  region.  In  rut  aaaauraaanta  ware  alao  aada. 

Analyela 


The  aagnetlc  tape  recording*  wara  played  via  flltere  and  A/D  convartara 
Into  a  coaputer  for  analyala  and  graph  plotting.  Tha  tractive  effort 
recordlnga  ware  corrected  for  teeter  longitudinal  acceleration.  Groaa 
traction  P^,  net  thruat  or  traction  Pj,  tractive  rolling  raalatanca  Kj>, 
tractive  efficiency  n,  and  allp  a  wara  coaputed  aa  follow*: 
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P  -  1 

C  r 

RT  “  PG  "  PT 

n  a  PXV 
Tw 

■  -  *>r  -  v 

trr 


where  T  -  sprocket  torque 

r  •  effective  sprocket  radlue 


when  v  -  forward  speed 

tii  _  sprocket  angular  speed 


Pp,  Py  and  Rt  were  divided  by  track  weight  to  give  the  coefflclente  of 
gross  traction  ,  net  traction  Cy  and  tractive  rolling  resistance  CR, 

Cy,  CR  and  n  were  plotted  against  slip. 

RESULTS 

Results  frosi  two  test  sites  are  reported  here  -  both  sugar  beet  fields 
after  harvesting.  Soil  moisture  content  on  both  sites  was  unseasonably  low 
giving  cosiparatlvely  high  soil  strengths. 

Site  A 


The  soil  was  a  very  silty  medlum/flne  sand  with  over  30X  silt  or  clay  (USCS 
Classification  SK/SC).  Moisture  content  was  around  202  glv< ig  average  cone 
Index  values  of  around  450  -  500  kPa  In  the  0-150  am  layer.  Laboratory 
trlaxlal  tests  on  a  aaaple  of  the  surface  soil  shows  It  to  be  mainly 
cohesive  with  some  frictional  properties  (0  •  9*). 

Site  B 


The  soil  In  this  site  was  a  clayey  silt  (USCS  classification  ML/ML-CL)  with 
at  least  502  silt  or  clay.  Moisture  content  was  around  292.  Average  cone 
Index  values  for  the  0-150  am  layer  were  typically  around  300  kPa. 

Traction  Curves 


Typical  traction  curves  f roe  both  sites  are  shown  In  Pigs  3  and  4.  High 
values  of  gross  traction  coefficient  were  obtained  at  Site  A  -  In  soee 
cases  exceeding  1.2.  Traction  coefficients  wera  appreciable  lower  for  Site 
B  because  of  the  weaker  soil.  A  noticeable  feature  of  the  curves  for 
Site  A  is  the  considerable  increase  In  rolling  resistance  which  occurs  as 
traction  develops.  In  soee  cases  the  coefficient  of  rolling  resistance  at 
202  slip  la  over  3  tleea  Its  value  at  the  self  propelled  point.  This 
considerable  Increase  was  soeewhat  unexpected  and  unlikely  to  be  due 
Increased  Internal  resistance  which  would  be  comparatively  small  for  rubber 
bushed  tracks.  Por  comparison,  data  for  the  rolling  reslstance/sllp 
relationship  of  wheels  was  Investigated.  Rowland  (9)  reviewed  available 
data  and  suggested  empirical  relationships: 


A. 
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For  pneumatic  tyre* 

CR  *  ( 1  ♦  ■) 

l.e.  Cg  proportional  to  *llp  and  doubling  between  0  and  100Z  slip  and, 
for  rigid  cylindrical  wheel* 

Cg  «  ( 1  -  0.75*) 

1. e.  rolling  resistance  actually  reducing  with  slip.  No  such  staple 
relationship*  are  apparent  for  track  sy stews,  the  rolling  resistance  being 
a  function  of  traction  and  the  track  system  configuration. 

In  a  two  track  skid  steered  vehicle  traction  causes  weight  transfer  froa 
front  to  rear  depending  on  the  position  of  the  'traction  centre',  the  wheel 
and  track  arrangeaent  and  wheelbase.  A  moving  unsprung  track  system 
generally  takes  up  a  characteristic  tall  down  pitch  angle.  At  low 
traction  this  Is  due  to  progressive  compression  of  the  soli  under  the 
wheels.  A*  traction  Increases  the  soil  under  the  rear  of  the  track  will  be 
subject  to  greater  shear  deformations  due  to  slip.  This  will  Increase  the 
likelihood  of  soil  failure  and  extra  alnkaga  under  the  rear  of  the  track. 
The  effect  Is  sometime*  referred  to  as  slip  alnkage. 

With  a  sprung  track  system  the  frame  or  hull  will  take  up  an  additional 
angle  due  to  spring  deflections.  This  will  be  Increased  by  a  raised 
sprocket  (or  Idler  If  front  driven)  due  to  the  vertical  component  of  track 
(gross  traction)  force.  Because  the  suspension  will  generally  be 
considerably  more  compliant  than  the  soil  this  component  will  also  unload 
the  soli  under  the  rear  wheel  and  thus  Increase  loading  still  further  on 
the  adjacent  wheels.  The  effect  can  be  countered  on  front  drive  vehicles 
by  means  of  ao-called  compensating  Idlers  (Fig  5a).  With  a  rear  drive 
sprocket  various  arrangements  are  possible  which  interconnect  a  link 
between  the  final  drive  reduction  gear  and  the  rear  wheel  (Fig  5b).  The 
extra  cost  and  complication  of  these  arrangements  usually  preclude  their 
use  although  front  mounted  compensating  Idlers  are  quits  widely  used  to 
counter  vehicle  nose  dive  when  braking.  Converssly  soil  offloading 
under  end  wheels  nay  be  beneficial  when  steering  In  reducing  moments 
required  to  slew  the  track.  An  active  suspension  could  be  used  to 
control  soil  normal  forces  under  wheals. 

In  Fig  6  values  of  Cg  are  shown  plotted  against  Oj  as  well  as  slip  for 

2,  A  and  ft  wheel  arrangements.  It  Is  noticeable  that  the  Increase  In 
rolling  resistance  Is  much  less  narked  with  the  two  wheel  arrangement 
where  weight  transfer  Is  proportionately  less  chan  In  the  other 
arrangements  and  where  track  fores  does  not  off-load  the  rear  wheel 
because  it  Is  rigidly  attached  to  the  track  frame.  The  Increase  In 
rolling  resistance  thus  appears  to  largely  a  function  of  weight 
transfer  In  the  track  system  as  traction  Increases.  See  Appendix  for 
calculation  of  ground  reaction  loads. 

Comparison  of  Different  Configurations 

All  the  arra ngeawnts  were  tested  at  a  'normal'  tension  (nominally  20S 
of  weight  on  track  system)  and  a  'tight'  tension  (nominally  10X  of 
weight).  High  tension  Is  sometimes  thought  to  Improve  performance, 
especially  In  the  go/no  go  region,  prestwMbly  because  of  better 
'bridging'  effect  between  wheels  although  with  sprung  systems  It  also 
Increases  the  tendency  to  offload  the  sad  wheals  and  hence  Increase 
loading  on  the  remainder. 


\ 
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Averaging  all  Che  reaulta  fro*  both  altea  glvea  Che  following  valuea  for 


CT20  “nd  CRSP 


Site  A 

Site  B 

Normal 

Tight 

Normal 

Tight 

0.5) 

0.5) 

0.29 

0.29 

0.11 

0.11 

0.15 

0.16 

i.e.  no  significant  difference  between  the  pre-tanelona. 

Similarly  one  of  the  tracks  was  run  without  rubber  track  pads  (track  B  In 
Fig  2)  but  again  no  clear  trend  waa  apparent  -  running  without  pada  showing 
a  slight  increase  in  traction  on  one  site  and  a  alight  decreaae  on  the 
other.  All  the  valuea  of  coefficient  of  traction  at  20Z  slip  C-pjo  > 
coefficient  of  rolling  resistance  at  tero  traction  (the  self  propelled 
point)  CR5p,  and  the  coefficient  of  rolling  resistance  at  20Z  allp  Cj^o 
were  therefore  averaged  for  each  track  system  configuration  neglecting 
track  tension  and  the  absence  of  track  pada.  These  average  values  were 
then  plotted  against  the  dlaenslonless  teres  CI/^p  and  Cl/M  to  see  If 
either  can  be  used  to  adequately  describe  the  measured  data  by  eeana  of 
eeplrlcal  curves  and  fore  the  basis  of  a  staple  tractive  performance 
prediction  syatea. 

Cl  -  average  cone  Index  In  the  0-150  sn  layer 

M  -  W 

nbe  (pd)0*5 

The  reaulta  are  shown  plotted  In  Figs  7  and  8. 

The  CI/jg;p  against  plot  (Fig  7a)  shows  an  approxlaately  linear 

relationship  although  with  an  appreciable  aaount  of  scatter  In  the  low 
CI/|£p  region  and  with  no  real  indication  of  a  Halting  go/no-go  value 
of  CI/ngf*  The  8  wheel  configuration  la  seen  to  perform  well  as  does 
the  long  pitch  track  (C)  at  low  Cl/ggp.  The  effect  of  wheel  diameter 
la  not  readily  apparent. 

The  plot  of  CI/gQp  against  Cggp  (Fig  7b)  shows  low  resistance  for  the 
8  wheel  configuration  at  low  Cl/ggp  and  high  resistance  from  the  2  wheel 
arrangement.  The  effects  of  wheel  diameter  and  track  pitch  are  not  very 
apparent . 

The  CI/M  against  Cjjg  plot  (Fig  8a)  shows  generally  Improved  collapse  of 
the  data  points  and  there  la  now  an  Indication  of  a  limiting  go/no-go 
value  of  CI/M  although  no  measurements  are  available  for  this  region 
because  of  the  comparatively  firm  soil  conditions.  Again  the  effects 
of  wheel  diameter  and  track  pitch  are  not  clear  and  In  particular  the 
long  pitch  track  appears  to  'underperform'  with  the  weighting  given  to 
It  In  the  M  relationship.  It  was  slightly  unfortunate  that  on  both  test 
sites  the  long  pitch  track  was  tested  on  slightly  firmer  parts  of  the 
sites  which  makes  It  difficult  to  compare  performance  directly  with  the 
standard  pitch  track.  The  two  wheel  configuration  Is  seen  to  perform 
comparstlvely  well  but  this  Is  probably  because  weight  transfer  effects 
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•re  comparatively  email  and  there  la  little  rlae  in  rolling  resistance 
with  traction.  A  describing  curve  haa  been  tentatively  placed  through 
the  data  points  but  no  attempt  haa  yet  been  made  to  ascribe  any  function 
to  it . 

The  CI/H  against  CRSP  plot  (rig  8b)  shows  improved  merging  of  the  data 
points  compared  to  Cl/ggp.  C*  includes  both  external  and  internal 
components  even  though  CI/M  la  attempting  to  describe  only  the  external 
resistance.  It  is  difficult  to  see  how  the  two  components  can  be  easily 
separated.  The  usual  assiaptlon  is  that  measurementa  of  internal  rolling 
resistance  from  hard  road  trials  slso  apply  to  the  off-load  condition 
although  recent  tests  at  HVIS  have  shown  that  terrain  roughnesa  can 
markedly  Increase  Internal  rolling  resistance  apart  from  the  effects  of 
soil  packing  in  the  track  system.  All  the  tracks  were  rubber  bushed  except 
the  double  pitch  which  was  dry  pinned.  The  internal  reaiatance  of  dry 
pinned  tracks  are  generally  appreciably  higher  than  equivalent  rubber 
bushed  ones  and  are  also  more  sensitive  to  pretension  and  gross  traction 
forces.  Haaajrements  on  a  vehicle  have  shown  the  low  speed  hard  road 
reaiatance  of  the  double  pitch  dry  pinned  track  to  be  approx  0.015  greater 
than  the  standard  rubber  bushed  one  (both  at  normal  tensions).  The 
measured  Cggy  data  points  have  therefore  been  reduced  by  this  amount. 

It  is  planned  to  use  the  tester  to  Manure  the  hard  road  resistance  of  all 
the  configurations  to  see  if  there  are  any  marked  differences  between 
them. 

Pig  9  shows  CI/H  plotted  against  Cgyo*  No  particular  relationship  is 
apparent  and  In  nearly  all  configurations  the  rolling  resistance 
coefficient  actually  increases  at  higher  values  of  Cl due  to  higher 
traction  and  the  effects  of  weight  transfer. 

10  shows  CI/|f  plotted  against  peak  tractive  efficiency  Op.  Generally 
quite  good  merging  of  the  data  points  is  indicated  with  np  not  exceeding 
7V-80T  even  at  high  values  of  Cl/H. 

COMCLUSIONS 


The  mobile  tester  with  modular  track  rig  has  proved  a  satisfactory  way  of 
gathering  in  field  tractive  performance  data  for  track  systems  of  different 
configurations. 

The  cohesive  soil/track  mobility  number  Cl/g  shows  promise  for  forming  the 
basis  of  s  simple  tracked  vehicle  performance  prediction  system  but  more 
data  la  required  particularly  in  the  Important  go/no  go  region  where 
performance  can  be  expected  to  be  more  sensitive  to  differences  in  track 
•ystem  configuration.  At  high  traction  consideration  would  also  need  to 
be  given  to  weight  traoafer  aa  affected  by  traction  centre  position, 
wheelbase  and  the  departure  angle  of  the  track. 

ACCTOWLEDCgfEKTS 


To  Hr  P  Cox  for  organising  and  conducting  trials. 


1 

I 


301 


REFERENCES 


1.  Rule,  A  A  and  Nut  tall,  C  J.  An  Analysis  of  Ground  Mobility  Modela 
(ANAMOB).  WES  Tach  Raport  M-71-4  (1971). 

2.  Bakkar.  M  G.  Introduction  to  Tarraln  Vahicla  Systems,  482-488, 

Ann  Arbor  Unlv  of  Michigan  Press  ( 1969) . 

3.  Wong,  J  T.  'An  Improved  Method  for  Predicting  Tracked  Vehicle 
Perfonsance'  Proc  2nd  European  Conf  ISTVS,  111-126,  Ferrara  (1983). 

4.  Rowland,  D.  'Tracked  Vehicle  Ground  Pressure  and  Its  Effect  on 
Soft  Ground  Performance'  Proc  4th  Int  Conf  ISTVS,  353-384,  Stockhola 
(  1972). 

5.  Turnage,  G  W.  Using  Dimensionless  Prediction  Terms  to  Describe 
In- Soil  Tracked  Vehicle  Performance,  ASAE  Paper  Mo  73-1508  (1973). 

6.  Rowland,  D.  'Soft  Ground  Performance  Prediction  and  Assessment  for 
Wheeled  and  Tracked  Vehicles'  Proc  Conf  on  Off-Highway  Vehicles 
Tractors  and  Equipment,  I  Mech  E  London  (1975). 

7.  Turnage,  C  W.  'A  Synopsis  of  Tire  Design  and  Operational 
Considerations  AlsMd  at  Increasing  In-Soll  Tire  Drawbar  Performance' 
Proc  6th  Int  Conf  ISTVS,  759-810,  Vienna  (1978). 

8.  Maclaurln,  E  B.  'The  Effect  of  Tread  Pattern  on  the  Field  Peformance 
of  Tyree'  Proc  7th  Int  Conf  ISTVS,  699-735,  Calgary  (1981). 

9.  Harding,  C  B  L  and  Rowland,  D.  'Drawbar  Puli'  Proc  Conf  on  Drive 
Line  Eng,  I  Mech  E,  Jersey  (1970). 


302 


APPENDIX 

The  effect  of  traction  forcea  on  ground  reaction  loada. 


UAt  Socket 


Conalder  the  A  wheel  equalising  beam  arrangement  aa  uaed  on  the  mobile 
teater  track  rig. 

T  ■  atatlc  track  pretenalon,  expr eased  aa  a  ratio  of  vertical  load  on 
track  aystem,  and  for  a  rear  drive  aprocket  aaeumed  to  be  maintained 
under  traction  condltlona. 

*C1>  *C2  •  *cl >  *ga  "  vertical  ground  reaction  forcea  under  wheela. 

Since  the  wheela  are  free-rolling,  rolling  realatance  will  effectively 
act  through  the  wheel  cen tree. 

Taking  momenta  about  A  for  forcea  acting  on  'body' 

UCyh  4  HICq  4-  T)b  ♦  1H  •  ft|K  21  4  WTa 

*B«  *  t  T2b.  +-}.  -  m 

21 

Keaolvlng  vertically  for  forcea  acting  on  wheel  A 

«CA  ♦  M  +  T>  *  in 

2 


1 


> 

\ 

t :  •  ‘  ■ 

f  ^ 


.  ■'  A 

■ ,  St  x* 
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*04  “  W  (C,*  ♦  (Cc  ♦  T)b  ♦  t  -  Ta)  _  w  (c  +  T)  8{n  0 

it  r.  R 

Similarly  for  wheel  3 

*03  “  W(Ct*  ±  (C r.  +  T)b  +  l  -  Ta) 

41 

Inserting  the  average  values  of  Site  A,  0.61m  dla  wheels,  track  A/B 


CT20  " 

0.56 

l  - 

0.64  m 

cr,2n  ■ 

0.S1 

°R  “ 

30* 

h  • 

0.30m 

T  - 

0.2 

a  « 

0.47m 

b  - 

1.10m 

*C3  " 

0.71W 

*04  * 

0.2  IW 

l.e.  R^'j  la  almost  3  times  Its  nominal  value  and  R^  la  slightly  less 
with  very  little  load  on  wheels  1  and  2. 


The  Inclusion  of  a  compensating  mechanism  will  Introduce  a  vertical 
force  between  wheel  4  and  the  body  which  can  be  made  some  desired 
ratio  of  U  ( Cf'  -f  T)  and  will  increase  and  reduce  R^. 

i  The  Introduction  of  suspension  springs  makes  the  analysis  more 

complicated  In  that  applied  forces  will  cause  appreciable  deflections 
and  some  form  of  computer  based  solution  will  be  required. 


01JJ3 


Fig  4  Typical  Traction  Curve*  Site  B,  2  and  8  Wheel  Configuration* 
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'V 

Die  Abhlngigkeit  der  Bodentragfihigkeit  und  der  Zugkraft  von 
ler  AbstandgrBsse  der  Bodenplatten 

A .Mierzwicki 

Warsaw  Technical  University,  Poland 


1 .  EinfQhrung 

Blsher,  in  der  theoretischen  und  experimentalen  Arbeiten, 
die  AbstandgrBsse  zwischen  den  Bodenplatten  hat  man  nach  dem 
Kriterium  der  maxlraalen  Scherkrlfte  /der  maximalen  Haft- 
krlfte/  bestimmt.  Auf  diese  Weise  wurde  die  Geometrie  der 
LOckengliederkette  bestimmt  [1,  3j  .  Die  AbstandgrBsse,  die 
2  ►  3  Breiten  der  etnzelnen  Bodenplatte  betrlgt,  versichert 
grBssere  summarische  Scherkraft  P,,  im  Vergleich  mit  der 
traditlonellen  Raupenkette  /ohne  sbstlnde/.  Der  Zuwachs  der 
Kraft  P„  1st  fiber  den  maximalen  Bodenplattendruck  beschrlnkt, 
der  denwert  von  C,04  MPa  nicht  Oberschritten  sollte  [2] . 

Aus  der  elgenen  Forschung  des  Auators  [2]  ergibt  slch,  dass 
der  Senkunganzeiger  /Verhlltnis  der  Vertikalsenkung  zum 
horizontalen  Schub  in  der  selber  Zeit/  ffir  die  Lfickengl leder- 
kette  im  Vergleich  mit  der  traditlonellen  Raupenkette  2-3 
mal  im  Bereich  der  Drucke  von  0,02  -  0,05  MP*  grBsser  1st. 

Es  verursacht  den  Zuwachs  des  Rollwiderstandes  PR,  der  fiber 
den  entsprechenden  Zuwachs  des  Haftkraftes  nicht  ausgegleicht 
ist.  A  Is  Ergebnis  kriegt  man  die  Minderung  des  Zugkraftes, 
die  die  Differenz  zwischen  der  Heftkraft  und  dem  Rollwider- 
stand  1st. 

Andere  Weise  der  Bestimmung  des  Abstandes  zwischen  der  Boden¬ 
platten  kann  das  Kriterium  der  maximalen  Bodentragfihigkeit 
werden. 


2 .  Die  Abhlngigkeit  der  Bodentragfihigkeit  von  der  Abstand¬ 
grBsse  der  Bodenplatten 

Einfluss  der  AbstandgrBsse  zwischen  den  Bodenplatten  der 
Raupenkette  auf  die  Bodentragfihigkeit  wurde  experimental  in 
den  Modelluntersuchungen  bestimmt. Frfiher  wurde  die  Analyse  des 
Senkungprozesses  des  Bodenplattenpaares  als  das  kleinste 
Fragment  der  Raupenkette  durchgaffihrt .  Die  Analyse  wurde  auf 
der  Basis  der  Aufnahaen,  die  das  Senkungprozess  in  den 
Grobsand  gezeigt  haben,  getan.  Der  Fotoapparat,  der  ffir  die 
Reallslerung  der  Aufnahaen  diente,  war  an  dem  Spannwerkzeug 
befestigt,  an  das  selben  Spannwerkzeug  waren  auch  die  Modelle 
der  Bodenplatten  eingespannt  /Bild  1/.  Es  erlaubte  auf  den 
Erhalt  des  Bildea  des  Bodenkeiles  /oder  zwei  Bodenkeile/  der 
sich  unter  dem  senkenden  Bodenpaar  bildet  /Bild  2/.  Die 
Aufnahmen  wurden  ffir  die  Platten  mit  dem  Spom,  denen  Breite 
1  -  30  mm  und  HBhe  h  -  15  mm  waren,  gemacht.  Die  Ab stand  S 
5il8S5*n  d*n  P15tteS  h?t  werte  angenommen:  0,6,  10, 

IntspnSt.*”  v«rh81tnl*  a/l  -  0,  0,2,  0,33,  0,5,  6,73 


-f 
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B  i  Id  2 


C 


d 


e 


.  Ole  Blldung  d»a  Bodcnkeilaa  unter  dem  senkendem 
Plattenpaar  fQr:  a/  S  •  0,  b/  S  ■  0,2  1,  c/  S  •  0,331, 
M  S  •  0,5  1,  e/  S  -  0,75  1. 
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Aus  der  Analyse  t retan  folgende  Folgeru ngen  auf: 

1 /  FOr  die  AbstandgrBsse  3  ■  0  -  0,2  1  untar  dM  Plattenpaar 
entsteht  eln  geaelner  Bodankell.  Inderung  der  Abstand¬ 
grBsse  in  dlesea  Berelch  soil  auf  dla  Bodentragfihlgkeit 
unter  der  Raupenkette  nlch  beeinflBasen. 

2/  Bel  dea  Abstand  S  ■  0,55  1  dar  Bodankell  beglnnt  slch  zu 
tellen.  Man  kan  aarkan  dan  Bodanauafluasatrahl  aus  dem 
Berelch  zwlschen  dan  Bodanplattan. 

'/  Bel  dea  Abstand  S  •  0,5  1  dar  geaelne  Bodankell  besteht 
nur  in  vergehender  Fora,  Es  arglbt  slch  aus  der  Different 
zwlschen  dar  Auafluaatrahlgaschwlndlgkeit  das  Bodens  aus 
dea  Berelch  zwlschen  dan  Bodanplattan  und  dar  Plattenua- 
strbaunggeschwindlgkelt  das  Bodans  von  dar  lusserllche 
Seite. 

U/  FOr  den  Abstand  3  •  0,75  1  blldan  slch  zwal  separate 
Bodenkelle  untar  deder  Bodanplatta  was  bedautet,  dass 
Elnwlrkung  Jedar  Platte  auf  dan  Bod an  unabhinglg  1st. 

Die  Messungen  der  Bodentragfthlgkalt  unter  der  Modellen  der 
Raupenketten  wurdan  auf  dea  PrBf stand,  dar  auf  dea  Blld  5 
gezelgt  1st,  gatan. 


Blld  5.  Dar  PrBf stand  fBr  die  Bodentragflhlgkeitaessung 
untar  dar  Raupenkette. 

Die  Bodentragflhlgkelt  war  in  dar  Funktlon  dar  Sankung 
auf gaze lchnet. 

Dla  Utage  dar  getastatan  Raupenkettenaodalla  /Blld  <*/  hat 


man,  beginnend  von  Plattenpa^r,  fiber  die  Zugabe  der  Boden- 
platten  vergrBssert. 


Blld  U.  Das  Schema  der  Raupenkettenmodelle:  a/  die 

traditionelle  Raupenkette  /S  ■  0/,  b/  die  Raupenkette 
mit  dem  Abstand  S. 

Die  GrBsse  der  Bodenplatten  /Breite  1  und  HBhe  h/  und  die 
Abstlnde  S  wurden  wie  in  der  Analyse  der  Senkung  angenommen. 
Die  Forschungsergebnisse  2eigt  das  Diagrams  auf  dem  Bild  5. 

Auf  der  Basis  der  ergebenen  Resultate  kann  man  feststellen: 

1/  Die  maximale  Tragflhigkeit  tritt  fOr  die  traditionelle 
Raupenkette  /S  -  0/  und  die  Raupenkette  mit  dem  Abstand 
S  -  0,2  1  auf.  Es  folgt  aus  dem  Fehlen  des  Bodenausf luss- 
strahles  zwischen  dem  Plattenpaar  bei  dem  Abstand  S*aO,2  1. 
Die  Elnwlrkung  dieser  Ketten  kann  man  als  gleichbedeutend 
der  Platte  BxL  behandeln. 

2/  Der  Abstandzuwachs  Bber  S  ■  0,2  1  verursacht  die  Minderung 
des  BodentragfBhlgkeit  -  wobel  kann  man  zwei  Bereiche 
unterscheiden: 

-  fQr  0,2  1  <  S  <  0,5  1  /wenn  der  Bodenkeil  in  vergehender 
Form  besteht/  die  Minderung  der  TragfBhigkeit  betrlgt 

~  5%  fBr  die  Kette  mit  dem  Anstand  S  ■  0,35  1  und  -  k% 
fBr  die  Kette  mit  dem  Abstand  S  ■  0,5  1. 

-  fBr  S<0,5  1  die  BodentragfBhlgkeit  nlmmt  ~3W  ab. 

Es  ist  verursacht  durch  die  unabhlngige  Einwirkung  Jeder 
Bodenplatte. 

Der  Rollwiderstand,  der  Bber  die  Gleichung[3] beschrieben  ist, 
hingt  von  des  Senkung  ab. 


P 


R 


z 


n*1 


wo:  1  -  Breite  der  Bodenplatte, 

k  -  Faktor  der  vertlkalen  Bodenverformbarkeit, 
n  -  Exponent,  der  die  Eingenschaften  und  Struktur  des 
Bodens  bezeichnet, 
z  -  Senkung. 

Ergebene  Resultate  der  BodentragfBhlgkeit  zelgen,  dass  der 
Abstandzuwachs  fiber  S  -  0,2  1  /je  mehr  Bber  S  -  0,5  1/  bei 
der  Konstanten  vertlkalen  Belastung  grBssere  Senkung  ebenso 
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B 1  Id  5.  Die  Bodentragfihigkeit  unter  der  Raupenkettenmodelle 
bei  der  Senkung  *  ■  0,25  1:  •/  die  tradltionelle 
Raupenkette  ait  S  -  0,  b/  die  Raupenkette  alt  dem 
Abstand  S  -  0,2  1,  c/  3  •  0,33  1,  d/  S  -  0,5  1, 
e/  S  -  0,73  1. 

grosser  Rollwlderstand  verursachen  soli. 

3.  Die  Abhtnglgkeit  dea  Zugkraf tes  von  der  Abatandgrftsse  der 
Bodenplatten 

Die  Abhfingigkelt  des  Zugkraftes  von  der  AbstandgrBsse  der 
Bodenplatten  wurde  auch  in  den  Modelluntersuchungen  bestimmt. 
Die  Untersuchungen  hat  aan  fflr  3  Raupenketten  mlt  de»  Abstand 
S  -  0,  0,k  1,  1,12  1  durchgeffihrt.  Die  Spalten  wurden  so 
angepasst,  dass  die  den  3  unterachiedlichen  Bereichen  der 
Bodentragfihigkeit  /sehe  Kapitel  2/  entsprochen  haben. 
Angenoaaene  Abstlnde  zwischen  den  Platten  der  Raupenkette 
haben  keinen  wesentlichen  Elnfluss  auf  die  Haftkraft.  Es 
ergibt  slch  daraus,  dass  bei  diesen  Spalten  antstehen  noch 
kelne  Bedlngungen  ffir  die  Bntstehung  der  Bodenkeile  vor  Jeder 
Bodenplatte.  Die  ScherflBche  des  Bodens  1st  tangential  zu  den 
Spitzen  der  Spomen  -  Inlich  wle  bei  der  traditionelle 
Raupenkette  [3]. Ia  Resultat,  fiber  die  Zugkraf tgrfisse, 
entscheideit  der  Rollwlderstand.  .> 

Die  Zugkraftaessungen  wurden  auf  dem  Prfifstand1',  der  auf  dem 

^  Genaue  Beschrelbung  des  Prfif standee  befindet  slch  ia  Arti- 
kel  "Traction  Investigation  of  a  Track  Vehicle"  verfiffen- 
tllcht  in  Proceedings  of  the  7  th  International  Conference 
ISTVS  in  Calgary  1981. 
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BiH  6  gezeigt  1st,  durchgefflhrt . 


B i Id  6.  Der  Prflf stand  f8r  die  Zugkraft  messung. 

In  den  Forschungen  hat  man  die  konstante  Last  des  Schlepper- 
modells  angenommen .  Es  verursachte,  dass  bei  der  selben 
GrBsse  der  Bodenplatten  und  bei  der  konstanten  aktiven  Llnge 
der  Raupenketten  die  spezifische  Drflcke  mit  dem  Abstand- 
vBrgrBsserung  zu  genommen  haben.  FOr  geprttfte  Raupenketten 
der  spezifische  Druck  p  hatte  folgende  Werte: 

-  traditionelle  Raupenkette  /S  ■  0/  -  p  »  0,033  MPa, 

-  Raupenkette  mit  dem  Abstand  S  ■  0,**  1  -  p  -  0,0^2  MPa, 

-  Raupenkette  mit  dem  Abstand  S  -  d,12,  1  -  p  -  0,07  MPa. 

Oie  Untersuchungergebnisse  wurden  auf  dem  Diagram  /Bild  7/ 
vorgestellt. 

Ergebene  Resultate  zeigen,  daas  der  Zuwachs  des  Abstandes 
zwischen  der  Bodenplatten  der  Raupenkette  verursacht  die  Min- 
derung  der  Zugkraft.  Es  ergibt  slch  aus  der  VergrBsserung 
des  Rollwiderstandes ,  der  Bber  die  grBsaere  Senkung  verur¬ 
sacht  ist.  Der  Zuwachs  dea  Abstandes  Bber  S  -  0,5  1,  wenn 
die  Einwlrkung  der  Bodenplatten  unabhlnglg  ist,  verursacht 
realativ  grBssere  Zugkraftminderung  als  bei  der  Spalte 
S  ^  0,5  1. 
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B 1  Id  7.  Die  Abhlnglgkelt  des  Zugkraftes  von  Abatand  zwischen 
den  Bodenplatten  In  der  Raupenkette:  a/  traditlonelle 
Raupenkette  /S  •  0/,  b/  Raupenkette  alt  dem  Abstand 
S  ■  0,U  1,  c/  Raupenkette  Bit  dem  Abstand  S  •  1,12  1. 

U.  Schluasfolgerungen 

Ergebene  Reaultate  betreffen  die  Modellbedingungen 
bezBglich  der  Veraucbnethode  so  wie  des  Bodens  /Grobsand: 
Koheaion  k  »  0,  Innenreibungwinkel  9  •  28°  ,  Feuchtigkeit 
w  -  2%/ .  Doch,  die  Analyse  der  Senkung  der  Raupenkette /der 
Bodenplatten/  in  Abhtngigkeit  von  dea  Abstand  zelgt  deutllch, 
dass  der  Zuvachs  der  Spalte  die  VergrBsserung  des  Rollwider- 
standes  und  nSchst  die  Zugraftainderung  verursacht. 

Schrlfttum: 

1.  Bekker  M.G.  -  Off  the  Road  Locomotion;  the  University  of 
Michigan  Press,  Ann  Arbor  1956. 
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Track  Elements  In  Crawler  Undercarriage  with  Regard  for 
Soil  Bearing  Capacity;  Proceedings  of  the  Conference 
Terrain  Vehicle  Systems,  Wisla  1979. 

5 .  Soltyriskl  -  Mechanlka  ukladu  Pojazd  -  Teren,  Wydawnlctwo 
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THF  DEPQOQCE  CF  SOIL  BEARING  CAPACITY  AM)  DRAWBAR  PULL  ON  TOE  SPACING 
BETWEEN  TRACT  PLATES 

A.  MIERZWXCKI 

WVRSAW  TECHNICAL  UNIVERSITY,  POLAND 

(Translated  by  X.G.  Hasmcnd,  NIAE,  Silsoe,  England) 

Starting  point  for  this  Investigation  were  the  results  of  the  dravtoar 
pull  tests  which  were  published  in  Proceedings  of  the  ISTVS  Conference 
in  Vienna  -  1978  and  in  Calgary  -  1981.  Up  to  now  In  definition  of  the 
spacing  between  track  elements  the  criterion  of  maximum  shearing  forces 
was  applied. 

In  this  work  was  applied  the  criterion  of  maxljiun  soil  bearing  capacity 
under  the  track  independence  an  the  spacing  between  track  elements. 

In  the  paper  the  results  of  the  nodal  investigation  were  presented. 


1 .  Introduction 

The  spacing  between  track  plates  has  hitherto  been  defined  in  theoretical 
and  experimental  work  in  terms  of  the  criterion  of  maximum  shearing 
stresses  (maxinun  thrust) .  The  geometry  of  the  spaced  link  track  was 
defined  in  this  way  .  Spacing  equivalent  to  2-3  widths  of  a  single 
track  plate  ensures  a  Larger  overall  shearing  stress  P^  by  canpariacn 
with  the  traditional  track  (without  spacing) .  The  Increase  in  stress  Ph 
is  limited  by  the  maximm  track  plate  pressure,  which  should  not  exceed 
0.04  MPa f  The  author's  awn  research**)  has  shown  that  the  sinkage 
index  (the  relationship  between  vertical  sinkage  and  horizontal  thrust 
ever  the  same  period)  for  the  spaced  link  track  is  2-3  times  greater  than 
for  the  traditional  track  in  the  pressure  range  0.02-0.05  MPa.  Increased 
rolling  resistance  Pd  is  caused,  which  is  not  oespensated  for  by  the  cor¬ 
responding  increase  in  thrust.  As  a  result,  a  reduction  in  drawbar  pull 
equivalent  to  the  difference  between  thrust  and  rolling  resistance  occurs. 

Another  method  of  determining  the  spacing  between  the  track  plates  is  in 
terms  of  the  criterion  of  maxlaun  soil  bearing  capacity 

2.  The  dependence  of  soil  bearing  capacity  on  the  spacing  of  the  track 
plates 

The  effect  of  the  spacing  between  the  plates  of  a  track  cn  soil  bearing 
capacity  was  determined  experimentally  in  model-based  research.  The 
process  of  sinkage  of  a  pair  of  track  plates  as  the  smallest  section  of 
the  track  had  already  been  analysed.  This  was  carried  out  on  the  basis 
of  photographs  showing  the  sinkage  process  in  coarse  sand.  The  camera 
used  was  mounted  cn  a  clasp,  to  vrtilch  models  of  the  track  es  were 
also  fastened  (Fig.  1) .  This  enabled  pictures  to  be  obtained  of  the 
wedge-shaped  groove  (or  two  grooves)  in  the  soil  formed  beneath  the  pair 
of  track  plates  as  they  sank  into  the  soil  (Fig.  2).  The  photographs 
were  taken  for  track  plates,  with  a  grouser,  having  a  width  1  *  30  nm 
and  a  height  h  *  15  nm.  The  spacing  S  between  the  plates  had  the 
following  values:  0,  6,  10,  15  and  22  nm,  corresponding  to  S/1  ratios  of 
0,  0.2,  0.33,  0.5  and  0.73. 
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Format  ton  of  wedge-shaped  groove  beneath  the  sinking  pair 
of  track  plateB  for:  (a)  S  *  0,  (fc>)  S  =  0.2  1, 

(c)  S  -  0.33  1,  (d)  S  -  0.51,  (e)  S  =  0.73  1. 
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An  analysis  produced  the  following  conclusions: 

( 1 )  A  comncn  wedge  shaped  grow*  is  foaned  beneath  the  pair  of  track 
plates  at  a  spacing  S  *  0.02  1.  Alteration  of  the  spacing  within 
this  range  should  not  affect  the  soil  bearing  capacity  beneath  the 
track. 

(2)  the  wedge-shaped  groove  begins  to  divide  at  a  spacing  s  *  0.13  1. 

The  outward  flow  of  the  soil  fra#  the  area  bstwsi  the  track  plates 
can  be  detected. 

(3)  The  oceecn  wedge  shaped  groove  exists  only  in  vestigial  form  at  a 
spacing  S  «  0.5  1.  this  ax  lass  fro#  the  difference  between  the  out¬ 
ward  flow  speed  of  the  soil  between  the  track  plates  and  the  track 
plate  by-psss  speed  of  the  soil  from  the  external  aide. 

14)  Two  separata  wedge  shaped  grooves  beneath  each  track  plate  at  a 

spacing  S  ■  0.73  1,  indicating  that  the  action  of  each  plate  an  the 
growid  is  independent. 

Measurements  of  aoil  bearing  capacity  wider  models  of  tracks  were  carried 

out  on  the  test  rig  sheen  in  Fig.  3. 
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Soil  bearing  capacity  was  plotted  as  a  function  of  sinkage. 

tlie  length  of  the  track  model  tested  (Fig.  4)  was  increased  by  the  addi¬ 
tion  of  further  track  plates  after  the  pair  under  consideration. 


Fig.  4  Diagram  of  the  track  model:  (a)  traditional  track  (S  -  0) , 

(b)  track  with  spacing  S. 

He  size  of  the  track  plates  (width  1  and  height  h)  and  the  spacing  S  were 
assumed  to  be  the  same  as  for  the  analysis  of  sinkage.  Research  results 
are  shown  In  the  graph  in  Fig.  5.  From  these  It  can  be  established  that: 


(1)  Maximun  bearing  capacity  is  experienced  with  the  traditional  track 
(S  =  0)  and  with  a  track  at  a  spacing  S  =  0.2  1.  This  follows  from 
the  absence  of  soil  outward  flow  between  the  trade  plates  at  a  spac¬ 
ing  S  4  0.2  1.  The  action  of  these  tracks  can  be  treated  as  equiva¬ 
lent  to  the  element  B  x  L. 


(2)  A  spacing  increase  ever  S  =  0.2  1  reduces  soil  bearing  capacity. 
Has  ranges  can  be  distinguished: 


-  for  0.2  1  <  S  <  0.5  1  (when  the  wedge-shaped  groove  exists  in 
vestigial  form)  the  reduction  in  bearing  capacity  is  equivalent  to 
-3%  for  a  track  at  a  spacing  S  *  0.5  1. 


-  for  S  >0.5  1  the  soil  bearing  capacity  is  reduced  by  -30%.  Hus 
is  caused  by  the  independent  action  of  each  tr^k  element. 


Rolling  resistance,  which  is  described  by  the  equation  (3) ,  depends  cn 
sinkage. 


P 


R 


1  k 
n  ♦  1 


z 


n  ♦  1 


Where  1  -  width  of  track  elanent 

k  -  factor  of  vertical  soil  plasticity 

n  -  exponent  denoting  the  characteristics  and  structure  of  the  soil 


z  -  sinkage 
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The  results  obtained  for  90II  bearing  capacity  shew  that  a  spacing  Increase 
above  S  =0.2  1  (especially  above  S  *  0.5  1)  should  cause  greater  sinkage 
as  well  as  greater  rolling  resistance  at  a  constant  vertical  loading. 


P 


Fig.  5  Soil  bearing  capacity  under  trade  models  for  sinkage 
z  =  0.25  1  :  a)  traditional  track,  s  *  0,  b)  track 
at  spacing  S  *  0.2  1,  c)Ss  0.331,  d)  S  =  0.5  1, 
e)  S  =  0.73  1 

i .  The  dependence  of  drawbar  pull  on  the  spacing  of  the  track  plates 

The  dependence  of  drawbar  pull  on  the  spacing  of  the  track  plates  was  also 
determined  in  model-based  research.  Investigations  were  carried  out  for 

three  tracks  at  spacings  S  *  0,  0.4  1  and  1.12  1.  Spacing  was  adjusted  to 
correspond  to  tte  three  different  ranges  of  soil  bearing  capacity  (see 
Section  21 .  The  spacings  adopted  between  the  elements  of  the  track  have 
no  essential  effect  an  thrust.  It  follows  that,  given  this  spacing,  con¬ 
ditions  are  not  produced  for  the  formation  of  wedge-shaped  grooves  before 
each  track  element.  The  plane  of  sheer  of  the  soil  is  tangential  to  the 
peaks  of  the  grousers,  nuch  as  is  the  case  with  the  traditional  track  (3) . 
As  a  result,  drawbar  pull  is  decided  by  rolling  resistance.  Measurements 
of  drawbar  pull  were  carried  out  on  the  test  rig*  shown  in  Fig.  6 


'*  *A  precise  description  of  the  testing  is  given  in  "Tracticn  Investigation 
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Fig.  6  Vest  rig  far  measuring  drawbar  pull 


The  weight  of  the  model  tractor  was  assured  constant  in  the  research. 
Consequently,  specific  pressure  rose  with  increased  spacing  far  track 
plates  of  the  sane  sire  and  at  acnstant  effective  length  of  track.  The 
specific  pressure  p  had  the  following  values  far  the  tracks  tested: 

-  traditional  trade  (S  ■  0)  :  p  *  0.033  MPa 

-  trade  at  spacing  S  *  0.4  1  :  p  *  0.042  MPa 

-  track  at  spacing  S  *  1.12  1  p  »  0.07  MPa 

The  results  obtained  show  that  the  increased  spacing  between  track  plates 
causes  a  reduction  in  drawbar  pull.  This  results  fron  the  increased  roll¬ 
ing  resistance  caused  by  greater  slnkage.  Increased  spacing  over 
S  *  0.5  1,  when  the  action  of  the  track  plates  is  independent,  causes  rela¬ 
tively  greater  dnafcar  pull  reduction  than  for  the  spacing  S  i  0.5  1. 
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Fig.  7  Hie  dependence  of  drawbar  pull  an  spacing  between  track 
plates:  a)  traditional  track  <S  =  0) ,  b)  track  at  a 
spacing  S  *  0.4  1,  c)  track  at  a  spacing  S  =  1.12  1. 

4.  Conclusions 

Hie  results  obtained  agree  well  with  the  model  conditions  relating  both  to 
the  research  method  and  the  soil  (coarse  sand:  cohesion  k  *  0,  internal 
angle  of  friction  p  *  28*,  moisture  content  w  *  2%) .  Analysis  of  the 
slnkage  of  the  track  (the  track  plates)  dependent  on  spacing  shows  clearly 
that  increased  spacing  causes  an  increase  in  rolling  resistance  and,  con¬ 
sequently,  a  reduction  in  drawbar  pull. 
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Abstract 

V 

The  knowledge  of  the  dynamic  interaction  between  track  and  soil  Is 
important  to  analyse  high  speed  vehicles  with  flexible  track. 

This  paper  describes  a  possible  method  for  the  measurement  of  this 
interaction.  Force-  and  displacement-sensors  are  fixed  in  and  on  the 
track  to  measure 

-  longitudinal-,  transversal-  and  normal -load  at  one 
track-shoe, 

-  sinkeage  of  this  track-shoe  and  the 

-  longitudinal-  and  transversal  slip  of  this  track  shoe,  /. 

Furthermore  soil  parameters  are  defined  and  the  dynamic  behaviour 
of  the  soil  is  calculated  and  expressed  in  terms  of  these  soil  parameters. 
These  parameters  are  one  input  to  vehicle  simulation  models.  Combined 
with  well  established  parameters  our  newly  defined  parameters  may  serve 
as  a  basis  to  describe  the  mechanics  of  soil. 

One  of  the  main  advantages  of  the  proposed  method  is  the  indenpendency 
of  measurement  steps  and  analysis  steps. 

Several  examples  have  been  Investigated  and  encouraging  results  have  been 
obtained.  Although  the  proposed  method  is  purely  a  rheological 
approach,  we  feel  that  it  may  be  a  powerful  tool  to  enhance  our 
understand inn  of  soil  dynamics. 
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1.  Indroduction 

There  is  one  wellknown  and  improved  method  to  describe  the  static 
interaction  between  track  and  soil  defined  by  Bekker  about  2 5  years 
ago  [2, 3,4).  Meanwhile,  there  were  great  efforts  of  innovation  in  the 
field  of  electronics  especial  1y  in 

-  measuring  and  data  transfer  technics  and 

-  computer  technics. 

This  is  one  main  reason  for  the  existing  wide  gap  between  analytical 
background  including  the  constitutive  laws  and  the  possibilities  of 
todays  computer  technics.  Efforts  to  close  this  gap  have  been  made 
for  example  in  [1,10,11]. 

At  first  view  finite  element  methods  would  be  a  proper  way  to  calculate 
the  interaction  between  track  and  soil,  but  until  now  there  are 
many  restricting  points.  The  most  important  two  restrictions  are  first 
the  unknown  constitutive  laws  for  soil  with  terrain  cover  and  second 
the  three  dimensional  elastic-plastic  calculation  of  the  dynamic 
interaction  between  track  and  soil  is  at  present  -  practically  speakinq 
nearly  impossible. 

For  these  reasons  about  five  years  ago  the  IABG  decided  to 

-  measure  the  dynamic  interaction  between  track  and  soil 
in  all  practical  important  operating  conditions, 
soils  and  soil  conditions,  and  to  try  to 

-  find  a  relatively  easy  approach  to  describe  this 
dynamic  interaction  (the  system  used  today  is  shown 
in  Figure  1 ). 

The  first  step  of  this  way  is  published  in  [5,6,7]  and  shown  in  this 
report. 


2.  Measuring  equipment 

The  measuring  equipment  for  the  KPz-Leopard  1  and  how  it  must  be  handled 
is  shown  in  Figures  2  to  6.  The  most  important  restrictions  for  the 
choice  of  usable  sensors  were  the  absence  of  a  power  source  on  the 
track  and  the  terrain  cover. 

For  this  reason  optical  sensors  and  sensors  which  need  high  power  are 
impractical. 

The  chosen  sensors  for  sinkeage  and  slip-measurements  are  simple  mecha¬ 
nical  systems  with  all  disadvantages  resulting  from  this  fact. 

The  moveable  parts  of  these  sensors  are  very  light  to  prevent  them  from 
damage  at  high  speed  (test  speed  without  damaoe  was  30  km/h  for  the 
'.lip  sensor  and  60  km/h  for  the  sinkeage  sensor).  It  should  be  mentioned, 
that  the  accuracy  for  the  slip  measurement  is  very  high  because  the 
slip  can  be  measured  directly.  The  load  cell  [6,8] shown  in  Figure  2, 

<«rks  quite  well,  has  exactly  the  size  of  a  track  block  with  rubber 
pad  and  is  able  to  withstand  forces  up  to  100  kN  in  the  three 
measuring  directions  (normal,  longitudinal  and  transversal).  Like  the 
’Hrmetry-transmitter  and  the  displacement  sensors  the  two  load  cells 
r  one  track  block  are  waterprotected. 


• .« & ; 


The  smallest  equipment  to  measure  track  soil  interaction  consists 
of  one  load  cell,  one  sinkeage  sensor  und  one  telemetric  unit  with  at 
least  two  channels  (shown  in  Figure  6  for  the  right  track). 

For  the  analysis  of  the  interaction  between  a  turning  vehicle  and 
soil,  an  equipment  like  the  one  shown  in  Figure  6  may  be  the  easiest 
to  work  with.  To  get  more  information  at  the  same  time  the  newest 
measurements  are  made  with  two  load-cells,  sinkeage  and  slip  sensors 
on  one  track  within  a  distance  of  about  two  meters  and  a  simpler 
equipment  on  the  other  track. 


3.  Test  results 


Typical  filtered  (lowpass  RC-filter  24  dB,  10  Hz)  test  results  are 
presented  in  Fiqures  7-J0.  The  measured  ground  pressure  and  sinkeage 
distribution  in  Figure  7  shows  that  the  pressure  distribution  is  not  uni 
formly  and  the  first  and  last  peak  is  relatively  small 
(track  pull  forces  at  the  outer  road  wheels).  Because  of  the  roughness 
of  terrain  the  sinkeage  needs  to  be  calibrated  as  shown  in  Figure  7. 
Very  important  is  the  shown  delay  Am  of  the  sinkeage.  This  delay  is  one 
of  the  reasons  for  the  larger  delay  of  traction  (Aw)  in  Figure  8 
(pull  is  here  negativ). 

The  second  reason  for  this  is  the  pull -si ip  relationship  and  the  lack 
of  normal  load  between  the  road  wheels.  The  traction  can  only  be 
built  up,  if  there  is  a  normal  load  and  must  be  built  newly  for  every 
road  wheel . 

This  is  important  to  show  that  In  this  case  the  traction-slip 
relationship  is  opposite  to  some  theories,  not  much  better  than  that 
of  a  wheeled  vehicle  with  the  same  number  of  driven  wheels. 

The  lateral  forces  in  Figures  9  and  10,  where  the  soil  is 
very  hard,  show  similar  behaviour.  The  soil  for  the  measurement 
substantiated  in  i gures  7  and  8  was  not  as  hard  as  it  might 
appear.  A  proof  for  this  is  that  the  trace  in  the  grassland  had  a 
depth  of  about  50  mm. 

Some  further  short  comments  to  the  turns  in  Figure  9  and  10  should 
be  made: 

Longitudinal  load:  The  outer  track  was  driven  and  the  inner  was  breaked. 
Because  of  motion  resistance  the  sum  of  braking  forces  along  the  contact 
length  of  inner  track  is  nuch  smaller  than  the  sum  of  towing  forces 
at  the  outer  track. 

Normal  load:  The  sum  of  normal  load  along  contact  length  is,  because 
of  centrifugal  forces,  at  the  outer  track  higher  than  at  the  inner  track 
For  the  outer  track  (Figure  10)  the  maximum  of  normal  load  is  at  the 
rear  of  the  vehicle,  but  It  is  obvious  that  at  the  last  road  wheel  there 
:an't  be  measured  a  normal  load  because  of  the  pull  in  the  track. 

The  opposite  effect  is  watched  at  the  inner  track  (Figure  9).  Here  the 
first  roadwheel  shows  no  normal  load. 

Lateral  load:  A  part  of  the  sum  of  lateral  load  will  be  balanced  by 
centrifugal  forces  (easy  to  see  at  Figure  10).  The  change  of  the 
direction  of  lateral  load  takes  place  approximately  at  the  third 
road  wheel  (of  seven  road  wheels). 
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Of  course  these  test  results,  have  a  wide  range  of  utilization. 

When  checking  the  relationships  between  normal  load,  sinkeage, 
motion  resistance,  tractive  effort  and  drawbar  pull  the  user  has 
to  consider  that  the  measured  values  are  valid  only  at  the  position 
where  the  sensors  are  located  and  that  in  addition  to  the 
inhomogenity  of  the  soil  the  roughness  of  the  terrain  has  a  great 
influence  to  the  measured  forces  (the  load  cell  is  fixed  in  one 
track  block  which  is  one  of  many  track-blocks  in  a  line  coupled 
by  very  stiff  rubber  bearings). 


4.  Evalua tion  of  dynamic  sol  1 -parameters 

The  method  for  the  calculation  of  so-called  dynamic  soil  parameters 
(spring  rate  C»  and  damping  Op  of  Figure  1)  is  shown  in  Figure  11.  For 
the  used  test  example  the  normal  load  Fy  was  calculated  by  an  Inverse 
function  for  CB  =  0.5  kN/mm,  Do  *  O.t^kNs/im  and  the  curve  of  sinkeage 
Z  (Figure  11).  “ike  the  results  of  measurements  the  test  values  are  in  the 
kind  of  about  300  digital  values  along  the  contact  lengh  of  track-soil 
interface.  With  a  simple  linear  equation  with  three  unknowis  (equation  1  in 
Figure  11)  the  first  results  Cp.  Dp  and  CpZp  will  be  calculated 
as  a  function  of  longitudinal  displacement; 

As  a  function  of  these  results  the  elastic  and  plastic  soil  deformation 
will  be  calculated  with  formulas  2  and  3  of  Figure  If.  If  as  usual  the 
plastic  soil  deformation  Zp  is  not  constant  there  is  a  need  for  one  or 
more  iteration  -steps  nrfiich  cannot  be  shown,  like  the  more  complicated 
calculation  with  friction  Rfl,  In  this  short  overview.  There  are 
two  reasons  for  the  neglection  of  a  constant  coulonfcian  friction  Rp 
in  the  practial  calculation:  First  It S  impossible  to  measure  a 
step-function  in  normal  direction  and  second  there  are  numerical 
instabilities  in  the  results  if  there  are  two  kinds  of  friction  or  damping 
in  expanded  equation  1. 

The  results  of  the  test  example  are  stable  If  all  three  points  of  detail  A 
are  within  the  steady  state  of  the  F^and  z-curve.  The  elastic-plastic 
soil  deformation  -  normal  load  functions  in  Figure  12  are  trivial 
but  shows  well  the  structure  of  this  useful  second  illustration  of  soil 
behaviour. 

For  the  real  measured  example  of  soft  soil  in  Figure  13  the  corresponding 
Figure  14  has  the  following  meanings: 

-  The  first  picture  (normal  load  above  sinkeage)  is  only  another 
picture  of  the  measured  results. 

-  In  the  next  two  picture  the  measured  sinkeage  is  at  every  load 
point  divided  in  plastic  and  elastic  soil  deformation. 

-  The  area  under  the  curve  in  the  second  picture  is  the  energy 
which  is  needed  to  deform  the  soil  under  one  pad.  The  motion 
resistance  is  a  function  of  this  energy. 

-  The  energy-loss  in  the  soil  corresponding  to  the  damping  Dp  is 
the  area  within  the  curves  of  the  third  picture  and  the  slope 

of  this  curves  shows  the  elastic  soil  stiffness  (spring  rate  Cp). 
In  theory  these  curves  are  elliptical  (see  Figure  12). 
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Without  the  first  peak  there  are  no  great  differences  in  soil  stiffness 
(spring  rate  Cg  ist  practical  constant)  of  soft  soil  (Figures  13  and  14). 

But  in  the  harder  soil  presented  In  Figure  15  there  Is  a  great  hardening 
effect  from  one  peak  to  the  next  (test  area  exists  of  a  very  hard  subsoil 
and  a  weaker  top-layer).  The  comparision  of  the  second  pictures  of 
Figures  14  and  15  shows  very  clearly  that  in  the  harder  soil  the  soil 
dependent  motion  resistance  is  tmich  smaller  than  in  the  weaker  soil. 


5.  Closing  Remarks 

This  paper  is  only  a  very  brief  discrlption  of  the  hard-  and  software 
to  measure  and  simulate  the  dynamic  Interaction  between  track  and  soil. 
Further  studies  have  been  made  to  Improve  the  measuring-equipment  and 
the  soil -model  for  tangential  direction  of  tracked  and  wheeled 
vehicles.  For  the  measurements  of  the  tire-soll-interaction  in  soft 
soils  tire-deflection  sensors  (91  should  be  prepared  and  tested. 

They  would  be  very  useful  to  answer  Important  questions  about 
the  use  of  central  tire-inflation-pressure  system  (CTIPS)  with  stiff 
high-pressure-tires  like  the  site  14.00  R20  18  PR  in  very  soft  soil. 

Although  this  paper  shows  only  the  first  step  of  a  long  way,  the 
author  believes  in  a  wider  use  of  this  method  in  the  future  because 
of  the  following  reasons: 

-  the  measuring  equipment  will  be  cheaper 

-  the  computation  of  soil  parameters  will  be  more 
sophisticated 

-  there  is  the  possibility  for  automatisation  in 
measuring  and  analysing  steps. 

Therefore  it  will  be  possible  to  measure  and  calculate 
a  large  number  of  parameters  in  one  test  area  and  discribe 
the  real  statistic  distribution  of  soil  parameters 

-  measurement  steps  and  analysis  steps  are  independent  and 
can  be  Improved  separatly. 
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Figure  1:  Track-soil-interaction 
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Figure  7:  Measured  normal  load  and  slnkeage  and  calibration  of 

sinkeage  (there  is  a  need  of  calibration  because  of  the 
roughness  of  the  terrain) 


Traction  is  impossible  without  normal  load;  the  built  up  of  traction 
takes  place  separatly  at  every  road  wheel. 

The  delay  Aw  is  larger  than  Am  of  picture  7  because  of  traction-slip 
relationship  (soil:  relativ  weak  grassland,  trace  depth:  50  mm) 


Figure  8:  Example  for  measured  normal  load  and  traction 
(unfiltered) 


Normal  load  Normal  load  *  Norma!  load 
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ANALYSIS  OP  GROUND  PRESSURE  T'TSTRIEtTTTCN  3ENEATH  TRACKED 
NODEL  71?!!  RESPECT  TO  EXTERNAL  LOADING 

I.1AREK  rCTTCYTJUSZ 

I.U.R.C. ,  TEC’SHCAL  UNIVERSITY,  ’.VAR SAN,  POLAND 

INTRODUCTION 


This  paper  is  a  continuation  of  the  investigation, results 
of  which  were  presented  at  the  last  Conference  ISTVS  in 
Calgary  in  1981  /Traction  Investigation  of  a  Tracked 
Vehicle  Model/. 

The  results  obtained  then  permitted  to  draw  certain 
conclusions,  however  the  necessity  of  rearrangement 
concerned  with  the  test  model  and  the  frame  of  conducted 
investigation  appeared  simultaneously.  -v' 

New  research  aimed  at  settling  the  effect  of  changes  of  the 
centre  of  gravity  /C.G./  on  tractive  efforts  and  on 
distribution  of  ground  pressure  beneath  the  track  /i.e. 

IE.P,  NGP/.  The  location  of  C.G.  varied  according  to  the 
changes  of  external  loadings. 

The  measurement  of  the  drawbar  pull  and  the  distribution 
of  pressure  between  track  and  soil  layer  were  carried  out 
in  the  model  scale. 


THE  TEST-STAI.T) 


The  model  of  the  tracked  self-propelled  vehicle  running  in 
the  nobil  soil  bin  was  the  mechanical  part  of  the  test 
a.  paratus.  The  model  and  the  noil  bin  were  being  described 
in  the  paper  which  was  presented  at  the  last  Conference fl]  . 
The  system  of  registration  of  the  drawbar  pull  underwent  a 
changes.  The  vehicle  model  was  connected  with  the  immovable 
socle  through  an  octagonal  dynamometer  designed  according 
to  [?].  The  ensuring  system  of  drawbar  pull  had  better 


t  ae..sivi ty  and  linearity  than  previous  one  /Pi g.  1/ 

4  The  rigid  steel  plate  enabling  front  loading,  of  the  model 
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PREPARATION  OF  THE  SOIL 


The  noil  prepared  for  measurements  had  specified  mechanical 
constitution  due  to  uniform  mixing  and  humidification  so 
that  it  possessed  homogeneous  structure, humidity  and  density 
in  the  whole  bin. 

Humidity  of  the  soil  was  checked  every  day  before  beginning 
and  after  completion  of  the  experiments, 

before  each  test  the  soil  wa3  mixed, levellized  and  compacted 
by  means  of  mechanical  compactor. 

All  the  tests  were  carried  out  on  the  clayey  sand. 

The  physical  soil  properties  and  the  grain  size  distribution 
are  shown  in  Table  1  and  Fig.  3  respectively. 


Table  1.  Physical  properties  of  the  soil 


~-ir~  -  ■  ■■■ 

wet  density  /kTI/mV 

26,1 

average  water  content  /£/ 

9,0 

cohesion  /kPa/ 

10,0 

angle  of  internal  friction 

29,0 

bulk  density  /kN/fr.^/ 

16,0 

Grain 


Fig.  3.  Grain  size  distribution 
of  tested  soil. 
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TRACTIVE  MEASUREMENTS 

The  disposable  drawbar  pull  and  the  machine  loading  coming 
from  the  soil  /when  the  track  was  rolling/  were  registered 
during  the  tests.  The  tests  were  carried  out  for  the  value 
of  slippage  s»20%  and  »100%  /what  means  loosening  the 
machine  adherence  with  soil/. 

In  comparison  with  previous  investigation  there  were 
increase  of  slippage  value  from  s«8,4%  to  m>20%.  It  was  so, 
because  the  tendency  to  the  lateral  tilt  occured  when  the 
slippage  value  was  a-8,4%.  It  mainly  took  place  after  2,0 
or  2,5  m  of  riding.  When  slippage  value  was  20%  model  was 
not  disposed  to  tilt  itself. 

The  location  of  C.G.  was  varied  in  each  serle  of 
measurements. 

The  simulated  external  loading  of  the  model  was  obtained  by 
means  of  additional  masses  fastened  down  to  the  model  at 
different  places. 

The  following  drafts  of  loading  were  separated: 
a/  an  additional  mass  228  I  /8,8%  mass  of  the  model/  -Pig.  4 
b/  -  319  H  /12,3 %  "  /  -Pig.  5 

c/  "  547  H  /21,0*  -  /  -Pig.  6 

d/  "  696  N  /26,0%  "  /  -Pig.  7 

Loadings, which  simulated  an  action  of  a  bulldozer  blade 
were  given  up  in  discussed  investigation  /practically  a 
horizontal  component  of  force/.  It  was  why, because  this 
component  of  loading  was  simulated  by  means  of  a  system  of 
two  horizontal  parallel  cords  fastened  to  the  model  on  the 
both  sides  and  there  was  no  possibility  of  determination  of 
cord  tension  with  a  sufficient  accuracy.  The  additional  mass 
which  created  the  tension  in  cords  hung  freely  and  was 
exposed  to  the  action  of  uneven  body  forces. 

Before  each  measurement  the  track  was  re-set  in  a  determined 
which  occured  every  35  revolutions  of  a  track  sprocket. 

The  number  of  revolutions  resulted  from  transmission  ratio 
of  the  chain  drive. 

This  way  a  constant  track  tension  /i.e.  horizontal  loading 
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the  track  rjrocket  and  front  wheel  of  the  model/  was  being 
obtained.  Also  each  strain  gauge  was  setting  then  to  zero 
or  to  the  constant  fixed  value  by  means  of  the  digital 
voltmeter.  It  made  sure  about  efficient  accuracy  of 
measurement. 


The  conducted  tests  made  possible  to  reveal  some  distinct 
regularities  existing  in  correlations  of  the  type  of  the 
used  additional  load  /i.e.  location  of  C.G./  and  values  of 
the  drawbar  pull  as  well  as  ground  pressure  distribution 
beneath  a  track  of  the  model. 

A  value  of  the  drawbar  pull  /D.P./  depends  on  a  location  of 
the  centre  of  gravity  /C.C./  The  weight  of  the  model  varied, 
so  some  operations  had  to  be  Introduced.  Then  the  model  was 
loaded  with  an  additional  mass,  the  obtained  values  of  D.P. 
were  equated, sot  m 

°-p-«  • 

where t 


D.P.^  -  an  analysed  value  of  D.P. 

DP_  -  a  measured  value  of  D.P. 

m^  -  a  basic  mass  of  the  model  /265  kg/ 
m^  -  a  mass  of  the  model  when  the  D.P.m  was 
measured . 

The  loadings  of  the  rollers  were  diminished  too.  An  Influence 
of  the  additional  mass  was  eliminated,  so  variable  values  of 
D.P.  could  have  been  compared. 

This  way  a  phenomenon  of  a  change  of  a  C.G.  was  obtained 
without  changing  of  a  total  mass  of  the  model  /in  theory  of 
course/ . 

The  displacement  of  C.G.  Influences  on  a  pointed  location 
/centre  of  the  bearing  reactions  of  the  ground/. 

The  point's  S  location  /Xg/  was  computed  by  /2/  /fig. 8/ 


/PE  -  Pc/  0,25  L  ♦ 
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where : 


F,-....  F-,,,  -  reactions  as  shown  in  fig. 

A  .5  V  U 

L  -  track  ground  contact  length 
The  equation  /?/  resulted  from  the  equilibrium  of  moments 
of  a  bearing  reactions  F  in  rela' ion  to  the  point  3. 


Such  a  way  of  computing  of  x<,  has  been  admitted  as  a  correct 

•J  -Jm 

one,becnuse  of  intentionally  high  value  of  a  ratio  y—  , 

L«  n 


=  4,25 


where : 


L_  -  track  link  pitch 

Lp  -  pitch  of  supporting  rollers. 

It  caused  the  decay  of  vertical  loading  of  a  track  between 
two  rollers  £4]  .  It  seemed  that  in  thin  case  the  vertical 
loadings  were  concentrated  around  the  rollers  and  equation 
/.?/  wn3  not  saddled  with  a  significant  error. 


A  dependence  between  location  of  C.G.  an.  xs  was  shown  in 
fig.  9  /point  D  =  mi  idle  of  the  contact  area  of  a  track/. 
During  the  investigations  C.G.  waa  shifted  oi.  a  limited 
scale  of  0,146  n  /241G  of  the  track  ground  contact  length  L/. 
The  centre  of  bearing  reactions  S  changes  on  a  scale  of 
0,122  m  /2Q%  L/ .  D.T.  value  depends  or.  the  location  of  C.G. 
/r-CG/  a 3  well  as  x<.  -  value. 

All  dependencies  are  non-linear;  in  accordance  wi tli  the 
regression  analysis  /by  means  of  the  microcomputer  with  the 
plotter/  both  are  second-degree  polynomial. 

*CG 

Figure  10  shows  depen  deuce  DP  =  f/— « /•,  where  is  a 

iisplncement  of  C.G.  measured  from  the  location  of  C.G.  for 
the  model  without  additional  mass. 

In  fig.  11  the  course  of  function  D2  =  f/-*-^/  clearly  shown 
t'v't  displacement  of  point  3  towards  t..o  fro..t  of  the  model 
cau.S'  s  an  increase  of  D.T.  to  u  certain  ic  ree;  further 
iinplnce  e.at  towards  the  centre  of  symmetry  of  the  model 


/point  D/  doesn’t  yield  benefits,  D.P.  .-  value 
T.ai.  coarse  of  boti.  functions  /DP  =  T/^—/ ,  DP 
may  ,.e  explained  ns  follows: 
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1.  .vhon  C.  j.  i .-..'.fed  towards  the  rear  of  the  model,  the 
c,->;:tro  of  the  react i  i displaced  ii.  the  aurr.e  direction 
/ p  =  0,  ?c  0/;  a  front  of  the  model  is  unloaded,  so  the 
•  rach  .round  contact  area  diminishes* 

-he  tractive  ef'ort  can  bo  computed  in  accordance  with: 


e  -j 

I'  =  b  /  /c  +  p/x/-tg^/-/1  -  exp-w-/dx 
a  * 


/  3/ 


.vhere : 

b  -  width  of  track 
c  -  cohesion 

p/x/-  normal  pressure  under  truck 
<5  -  angle  of  internal  friction 
j  -  displacement  of  soil  beneath  a  track 
K  -  coefficient  of  a  compression  of  soil 
When  the  track  ground  contact  length  /L/  is  smaller, then  a 
value  of  "j"  diminishes  as  well  as  a  value  of  force  P. 

The  drawbar  pull  /UP.  =  P  -  R.wi.ere  R  -  rolling  resistance/ 
decreases  accordingly  to  t tie  dimishing  force  P. 

Then  the  displacement  of  C.G.  towards  front  of  the  model 
causes  the  decrease  of  x^  and  increase  of  D.P. 

2.  In  accordance  with[5]in  the  cyclically  pressed  ground 
beneath  the  track  shearing  parameters  /c,^/  diminish  after 
each  cycle  of  the  load. 

In  the  ground  loaded  with  pass  of  subsequent  rollers  the 

shear  resistance  becomes  smaller.  The  loading  of  model's 

front  can  have  an  effect  on  increasing  of  D.P. 

When  xq/L>0,12  the  value  of  D.P.  begins  to  decrease.  For 

^  xs 

x^  =  0  dependence  LP  =  f/^-/  reac^eB  ^  Per  cent  of 

DW'’-45  x_.  -  *, 

The  function  DP=f/  j--  a/  is  Bhown  in  fig.  12. 

A  parabolic  dependence  D.P.  versus  displacement  /*qq  -  x<./ 
cun  be  shown  for  the  investigated  model  and  given  soil 
condi tions. The  above  function  has  a  high  coefficient  of 
correlation  /R  =  0,998/.  therefore  sons  conclusion  can  be 
drawn. 

•'or  uniform  ground  pressure  distribution  /x^.  =  xCG  =.  0/ 
DP-value  in  not  maximal  /1049  11/ \  minimum  of  the  function 
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x 

occurs  for  — 
in  line.  The 
value  of  D.F 


r*  r*  ~ 

— ^ - —  =  0,055  practically  when  both  points  are 

larger  distance  between  points,  the  higher 


CLOSING  RBI.1ARKS 


1.  The  results  of  investigations  confirm  an  assumption  that 
D.F.  depends  on  the  location  of  C.G.  of  the  model.  The  D.P.- 
value  varies  between  720  N  and  1300  N,  i.e.  almost  100  per 
cent  more. 

So  great  difference  causes  a  necessity  of  the  investigation 
of  C.G.  location's  effect  on  the  drawbar  pull. 

2.  All  t.e  obtained  dependencies  like  D.F.  versus  factors  of 
the  model 's  state  of  loading  are  non-linear. 

3.  The  gauges  fixed  in  the  model  permitted  to  the  continuous 
recording  of  ground  reactions  loaded  the  model's  frame. 
Computed  centre  of  reactions  depends  on  the  location  of  C.G. 
of  a  tracked  vehicle. 

4.  The  ground  pressure  distributions  obtained  during 
investigations  permit  to  establish  a  loading  spectrum  of 
models  frame  and  to  carry  out  its  fatigue  limit  analysis. 

5.  The  carried  out  analysis  allows  to  make  most  favourable 
distribution  mass  of  the  model  /for  the  used  soil/. 

6.  The  vertical  loading  of  the  frame  is  not  uniform  as  well 
as  the  triangular. 

Further  research  on  propagation  of  stresses  in  ground  beneath 
the  track  /related  to  the  concentrated  force  F  loading  a 
roller/  is  coing  on. 
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^A  COMPARISON  BETWEEN  A  CONVENTIONAL  METHOD  AND  AN  IMPROVED 
METHOD  FOR  PREDICTING  TRACKED  VEHICLE  PERFORMANCE 

J.Y.  WONG  and  J.  PRESTON  THOMAS.  TRANSPORT  TECHNOLOGY 
RESEARCH  LABORATORY,  CARLETON  UNIVERSITY.  OTTAWA,  CANADA 

INTRODUCTION 

t 

One  of  the  most  widely  used  conventional  methods  for  predicting  tracked 
vehicle  performance  is  based  on  the  assumption  that  the  track  in  contact 
with  the  terrain  is  equivalent  to  a  rigid  footing.  Furthermore,  a  uniform 
normal  pressure  distribution  over  the  entire  contact  area  is  assumed  if 
the  centre  of  gravity  of  the  vehicle  is  located  at  the  midpoint  of  the 
contact  length.  On  the  other  hand,  if  the  centre  of  gravity  is  located 
in  front  or  behind  the  midpoint  of  the  contact  length  or  if  load  transfer 
due  to  drawbar  pull  takes  place,  a  sinkage  distribution  of  trapezoidal 
shape  will  then  Lc  assumed.  Based  on  these  assumptions  and  the 
measured  pressure  sinkage  and  shear  stress  displacement  relationships 
of  the  terrain,  the  tractive  performance  of  tracked  vehicles  is  predicted. 

Experimental  evidence  has  shown  that  while  the  convention  ,  method  may 
find  applications  in  the  prediction  of  the  performance  of  crawlers  with 
low  ratios  of  road  wheel  spacing  to  track  pitch,  commonly  used  in  agri 
culture  and  the  construction  industry,  it  gives  unrealistic  prediction  of 
the  performance  of  tracked  vehicles  with  high  ratios  of  roadwheel  spacing 
to  track  pitch  designed  for  high  speed  operations.  In  the  latter  case. 
the  normal  pressure  is  usually  concentrated  under  the  roadwheels  and  is 
far  from  uniform.  Consequently,  the  track  in  contact  with  the  deform 
able  terrain  deflects  and  has  the  form  of  a  curve.  Furthermore,  an 
element  of  the  terrain  under  the  track  is  subject  to  repetitive  normal  and 
shear  loadings  of  the  consecutive  roadwheels.  To  take  these  factors  into 
account,  an  improved  method  for  predicting  the  performance  of  tracked 
vehicles  with  relatively  short  track  pitch  has  been  developed.  The 
objective  is  to  provide  the  designer,  the  procurement  manager  and  the 
test  engineer  with  a  quantitative  means  whereby  the  effects  of  vehicle 
design  parameters  and  terrain  conditions  on  performance  can  be  assessed 
more  realistically  than  using  the  conventional  method. 

This  paper  describes  a  comparison  of  the  normal  pressure  distribution, 
sinkage  and  drawbar  pull  slip  relationship  of  a  tracked  vehicle  as 
predicted  using  the  conventional  and  the  improved  methods. 


THE  CONVENTIONAL  METHOD 


One  of  the  widely  used  conventional  methods  assumes  that  the  track 
behaves  like  a  rigid  footing.  With  the  centre  of  gravity  of  the  vehicle 
at  the  midpoint  of  the  contact  length,  the  normal  pressure  distribution 
•s  assumed  to  be  uniformly  distributed  as  shown  in  Fig.  I.  On  the  other 
hand,  if  the  centre  of  gravity  is  located  in  front  or  behind  the  midpoint 
of  the  contact  length,  a  sinkage  distribution  of  trapezoidal  shape  is 
assumed. 
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If  th«  pressure- slnkage  relationship  of  the  terrain  la  known,  auch  aa  that 
ahown  in  Fig.  I,  than  the  ainkage  z  of  the  track  can  be  predicted  by 
equating  the  reaction  due  to  normal  praaaura  p  with  the  vehicle  weight 
(I)  (2).  The  functional  re  let  ion  ah  ip  between  ainkage  z  end  praaaura  p 
for  a  given  terrain  can  generally  be  expressed  by 

*  -  f  (p)  M> 

It  ahould  be  mentioned  that  the  praaaura -ainkage  relationship  may  vary 
with  terrain  type  and  conditions.  Various  methods  have  bean  proposed 
for  characterizing  the  pressure-linkage  relations  of  different  kinds  of 
terrain  as  described  in  references  (1),  (2),  (3),  («)  and  (S). 

Based  on  the  predicted  track  ainkage  *».  the  motion  resistance  R  due  to 
terrain  compaction  can  be  predicted  as  follows: 

Rc=b  Z2*  pdz  (2) 

where  b  is  the  width  of  the  track. 

In  addition  to  resistance  due  to  compaction,  the  track  may  encounter 
resistance  due  to  bulldozing  effects  (I).  This  should  be  taken  Into  account 
in  determining  the  total  motion  resistance. 

If  the  shear  stress  -  displacement  relationship  of  the  terrain  under  an 
appropriate  normal  pressure  p  Is  known,  such  as  that  shown  in  Fig.l. 
the  tractive  effort  of  a  track  F  can  be  predicted  as  follows: 

F  =  b  / 4  sdx  (3) 

0 

where  i  is  the  length  of  the  track  and  s  is  the  shear  stress  under  the 
track  which  varies  along  the  contact  length  (I),  (2). 

If  the  shear  stress  -  displacement  relationship  can  be  described  by  a 
simple  exponential  function  (l)(2),  the  tractive  effort  F  at  a  given  slip  i 
can  be  expressed  by  (I) ( 2) 

F  MAc  ♦  Wtan  +  )  ( 1  -  (1  -  e  'U/K  >) 

<«) 

where  A  and  W  are  the  contact  area  and  normal  load  of  the  track, 
respectively;  c  and  *  are  cohesion  and  angle  of  Internal  shearing  resist¬ 
ance  of  the  terrain,  respectively;  K  is  the  shear  deformation  modulus  of 
the  terrain. 

It  should  be  pointed  out  that  the  sheer  stress-displacement  relationship 
may  vary  with  terrain  type  and  conditions.  Various  methods  have  been 
proposed  for  characterizing  the  shear  stress  -  displacement  relations 
of  different  kinds  of  terrain  as  discussed  in  references  ( I ) ( 2)  s.id  (6). 

Based  on  the  predicted  motion  resistance  and  tractive  effort,  the  drawbar 
pull-slip  relationship  of  a  tracked  vehicle  can  then  be  estimated.  The 
drawbar  pull-slip  relationship  forms  a  basis  for  the  comparison  and 
evaluation  of  the  tractive  performance  of  off-roed  vehicles. 
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THE  IMPROVED  METHOD 


When  a  tracked  vehicle  with  relatively  short  track  pitch  travel*  over  a 
deformable  terrain,  the  normal  load  is  usually  concentrated  under  the 
roadwheels.  However,  the  track  segments  between  the  roadwheels  also 
take  up  load!  7).  As  a  result,  they  deflect  and  have  the  form  of  a  curve. 
Furthermore,  an  element  of  the  terrain  under  the  track  is  subject  to  the 
repetitive  loading  of  consecutive  roadwheels  (8).  To  predict  the  normal 
pressure  distribution  on  the  track-terrain  interface,  the  pressure - 
linkage  relationship  and  the  response  to  repetitive  loading  of  the  terrain 
have  to  be  measured.  Fig.  2  shows  the  response  of  a  muskeg  to  repetitive 
loading  (4).  It  shows  that  the  stiffness  of  the  muskeg  during  unloading 
and  reloading  is  much  higher  than  that  in  its  virgin  state  and  that  it 
exhibits  a  certain  amount  of  hysteresis. 

When  the  terrain  characteristics  are  known,  the  prediction  of  the  normal 
pressure  distribution  is  reduced  to  the  determination  of  the  shape  of  the 
deflected  track  in  contact  with  the  terrain.  A  detailed  analysis  of  the 
mechanics  of  track-terrain  interaction  has  been  made.  The  track  system 
with  the  major  interacting  forces  are  shown  in  Fig.  3.  In  the  analysis, 
it  is  assumed  that  the  track  is  equivalent  to  a  flexible  and  inextensible 
belt  and  that  the  roadwheels  are  rigidly  connected  to  the  vehicle  body. 

A  set  of  equations  for  the  equilibrium  of  the  forces  and  moments  acting 
on  the  track  system  and  the  conservation  of  overall  track  length  have 
been  derived.  They  establish  the  relationship  between  the  shape  of  the 
deflected  track  in  contact  with  the  terrain  and  vehicle  design  parameters 
and  terrain  characteristics.  The  solution  to  this  set  of  equations  defines 
the  sinkages  of  the  roadwheels  and  the  shape  of  the  track  segments 
between  roadwheels.  From  these,  the  normal  pressure  distribution  under 
a  moving  tracked  vehicle  can  be  predicted.  The  details  of  the  analysis 
are  described  in  reference  ( 9) . 

To  predict  the  shear  stress  distribution,  the  shear  stress-displacement 
relationship  of  the  terrain  and  the  characteristics  of  the  track-terrain 
shearing  have  to  be  determined.  It  should  be  mentioned  that  an  element 
of  the  terrain  under  the  track  is  also  subject  to  shearing  action  of  a 
repetitive  nature.  This  is  because  the  normal  load  applied  to  an  element 
of  the  terrain  under  the  track  varies  as  the  consecutive  roadwheels  roll 
over  it.  As  a  result,  for  a  terrain  exhibiting  frictional  behaviour,  it 
undergoes  the  loading-unloading-reloading  cycle  in  shear,  similar  to 
that  for  normal  load.  To  predict  the  shear  stress  distribution  on  the 
track -terrain  interface,  the  response  to  repetitive  shear  loading  of  the 
terrain  must  be  known.  Fig.  4  shows  the  response  of  a  frictional 
medium  (a  dry  sand)  to  repetitive  shear  loading,  ft  indicates  that 
for  a  frictional  terrain,  the  shear  stress-displacement  relationship  during 
reloading  is  similar  to  that  with  the  terrain  in  its  virgin  state.  This 
means  that  when  re-shearing  takes  place  after  the  previous  loading¬ 
unloading  cycle,  the  shear  stress  does  not  instantaneously  reach  its 
maximum  value  for  a  given  normal  stress.  Rather  a  certain  amount  of 
shear  displacement  must  take  place  before  the  maximum  shear  stress  can 
be  developed,  similar  to  that  when  the  frictional  medium  is  being  sheared 
in  its  virgin  state.  This  phenomenon  has  been  taken  into  account  in  the 
analysis.  Together  with  the  knowledge  of  the  shear  displacement  develop 
ed  under  the  track,  which  can  be  determined  by  a  kinematic  analysis  of 
the  track  based  on  the  concept  of  slip  velocity  (l)(2),  the  shear  stress 
distribution  under  the  track  can  then  be  predicted.  Fig.  5  illustrates 
how  the  development  of  the  shear  stress  under  the  track  may  be  modified 
if  the  response  of  a  frictional  terrain  to  repetitive  shear  loading  Is  taken 
into  account  for  an  idealized  case.  It  should  be  pointed  out  that  when  the 
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repetitive  sheering  characteristics  of  the  terrain  are  taken  into  consider¬ 
ation,  the  predicted  total  tractive  effort  of  the  vehicle  at  a  given  slip  ray 
be  considerably  lower  than  that  when  they  are  not  taken  into  account, 
as  can  be  teen  from  Fig.  S.  The  details  of  the  analysis  are  given  in 
reference  ( 9) . 

When  the  normal  pressure  and  shear  stress  distributions  have  been  deter¬ 
mined,  the  motion  resistance,  tractive  effort  and  drawbar  pull  as  functions 
of  slip  can  be  predicted.  The  prediction  procedures  have  been  programmed 
on  a  Hewlett-Packard  984  5T  microcomputer.  The  required  inputs  include 
both  the  vehicle  and  terrain  parameters.  The  computer  outputs  include 
normal  pressure  and  shear  stress  distributions,  sinkage,  motion  resistance, 
tractive  effort  and  drawbar  pull  at  a  given  slip  (8)  (9). 

A  COMPARISON  BETWEEN  THE  CONVENTIONAL 

- METH&fr  Ahlb'THE  HUPR6Vgt> TjfTTTOS - 

The  normal  pressure  distribution,  the  sinkage  of  the  track  and  the  drawbar 
pull-slip  relationship  of  a  tracked  vehicle,  with  basic  parameters  shown  in 
Table  I,  operating  over  a  variety  of  terrains  were  predicted  using  the 
conventional  and  the  improved  methods.  The  parameters  used  to  character¬ 
ize  the  pressure-sinkage  relationships  and  the  response  to  repetive  normal 
load  for  a  sandy  terrain  and  two  muskegs  are  given  in  Tables  2  and  3, 
respectively.  The  shear  strength  parameters  of  the  terrains  used  in  the 
predictions  are  given  in  Table  4.  For  further  information  concerning  the 
methods  used  to  characterize  terrain  behaviour,  please  refer  to 
references  (3).  (4),  (5),  (6)  and  (9). 

A  comparison  between  the  predicted  normal  pressure  distributions  using 
the  conventional  and  the  improved  methods  and  field  measurements  over  a 
sandy  terrain  and  a  muskeg  are  shown  in  Figs.  6  and  7,  respectively.  It 
can  be  seen  from  Fig.  6  that  over  the  sandy  terrain  the  maximum  pressure 
predicted  by  the  improved  method  is  quite  close  to  the  measured  one, 
whereas  that  estimated  using  the  conventional  method  is  43.7  kPa,  only 
about  101  of  the  maximum  measured  pressure.  Over  the  muskeg,  the 
normal  pressure  estimated  using  the  conventional  method  is  again  43.7kPa, 
about  40%  of  the  maximum  measured.  However,  the  maximum  normal 
pressure  predicted  using  the  improved  method  is  again  quite  close  to  the 
maximum  measured  as  shown  in  Fig.  7.  The  reason  is  that  in  the  improved 
method  the  response  of  the  terrain  to  repetitive  normal  load  has  been 
taken  into  account.  As  mentioned  previously,  after  the  terrain  has  been 
compacted  by  the  first  roadwheel,  it  becomes  much  "stiffer"  than  in  its 
virgin  state.  This  promotes  the  concentration  of  normal  pressure  under 
the  roadwheels.  The  behaviour  of  the  terrain  during  the  unloading-reload¬ 
ing  cycle  shown  in  Fig.  2  also  explains  why  it  is  possible  that  the  normal 
pressure  at  a  point  on  the  track  segment  between  two  adjacent  roadwheels 
can  be  as  low  as  zero,  while  the  sinkage  at  that  point  as  measured  from 
the  original  terrain  surface  is  not  zero. 

Figs.  8  and  9  show  a  comparison  between  the  predicted  sinkages  of  the 
vehicle  using  the  conventional  and  the  improved  methods  and  the  measured 
sinkages  over  the  two  types  of  terrain.  It  can  be  seen  that  in  general 
the  conventional  method  underestimates  the  sinkage.  This  is  because  the 
normal  pressure  estimated  using  the  conventional  method  is  considerably 
lower  than  the  actual  maximum  pressure.  On  the  other  hand,  it  can  be 
seen  that  fair  to  good  agreement  exists  between  the  measured  sinkages  and 
those  predicted  using  tne  improved  method. 


365 


A  comparison  between  the  measured  drawbar  pull  slip  curves  and  thos.- 
predicted  using  the  conventional  and  the  improved  methods  over  the 
sandy  terrain  and  the  muskeg  are  shown  in  Figs.  10  and  II,  respectively. 
It  can  be  seen  that  the  conventional  method  overestimates  the  drawbar 
pull  of  the  vehicle  over  the  full  range  of  vehicle  slip,  particularly  at 
low  track  slips.  It  is  also  shown  that  there  is  a  close  agreement  between 
the  measured  drawbar  pull  and  that  predicted  using  the  improved  method. 
This  is  because  the  improved  method  gives  a  more  realistic  prediction  of 
vehicle  sinkage  and  hence  motion  resistance.  Furthermore,  the  response 
of  the  terrain  to  repetitive  shear  loading,  as  described  in  the  previous 
Section,  has  been  taken  into  account  in  the  improved  method. 

It  is  interesting  to  note  that  the  significant  differ-  ce  in  the  drawbar 
performance  between  a  crawler  used  in  construction  industry  and  a  high 
speed  tracked  vehicle  of  similar  size  and  weight  reported  in  reference  (10) 
is  parallel  to  that  between  the  two  drawbar  pull-slip  curves  shown  in 
F  igs.  10  and  II . 


CLOSING  REMARKS 

It  is  shown  that  the  improved  method  outlined  in  this  paper  gives  a  more 
realistic  prediction  of  the  performance  of  tracked  vehicles  with  high  ratios 
of  roadwheel  spacing  to  track  pitch  than  the  conventional  method.  The 
improvement  achieved  is  due  primarily  to  the  inclusion  of  the  response  of 
terrain  to  repetitive  normal  and  shear  loadings  and  to  the  detailed 
analysis  of  the  mechanics  of  track-terrain  Interaction. 

It  is  believed  that  the  improved  method  outlined  in  the  paper  provides 
a  quantitative  means  for  evaluating  the  effects  of  vehicle  design  para¬ 
meters  and  terrain  conditions  on  tracked  vehicle  performance  and  for 
comparing  the  performance  of  different  tracked  vehicle  designs. 
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Table  1 

Vehicle  Parameters 

Vehicle  Weight.  kN  88.72 

Number  of  roadwheels  (for  one  track)  S 

Radius  of  roadwheels,  m  0.31 

Distance  between  roadwheels,  m  0.67 

Distance  between  the  centres  of  the  sprocket  and 

the  tensioning  wheel,  m  4.03 

Width  of  track,  m  0.38 

Track  pitch,  m  0.15 

Initial  track  tension.  kN  8.54 

Weight  of  the  track  per  unit  length,  kN/m  1.27 

Height  of  track  grousers,  cm  4.7 

Number  of  supporting  rollers  0 

Angle  of  approach  of  the  track,  degrees  23.8 

Angle  of  departure  of  the  track,  degrees  16.4 

Location  of  centre  of  gravity  in  the  longitudinal 
direction  (in  front  of  the  mid-point  of  the  track 
contact  length),  m  0.13 

Height  of  the  centre  of  gravity,  m  0.99 

Location  of  drawbar  in  the  longitudinal  direction 

(distance  from  the  mid-point  of  the  track  contact 

length),  m  2.29 


Height  of  drawbar,  m 


0.75 
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Table  2 

Values  of  the  Pressure  Sinkage  and  Repetitive  Loading 
Parameters  for  a  Sandy  Terrain  (LETE  Sand) 


kN  /m 


n*1 


kN  /m 


n*2 


kN/m 


kN  im 


102  5301  0.793  0  503,000 


Note:  kQ  and  Ay  are  parameters  used  to  characterize  the  response 
to  repetitive  normal  loading. 


Table  3 

Values  of  the  Pressure-Sinkage  and  Repetitive  Loading 
ftorameters  for  Two  Types  of  Muskeg 


Muskeg  Type 

Petawawa  Muskeg  A 

Petawawa  Muskeg  B 

k  ,  kN/m3 
m 

290 

762 

M  ,  kN/m3 
m 

51 

97 

k  ,  kN/m3 
o 

123 

147 

A  ,  kN/ m* 
u 

23540 

29700 

Note:  kQ  and  are  parameters  used  to  characterize  the  response  to 
normal  loading. 
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i.filliiMMtAi  M|  S|  AKCM  H  MHf  ,  M.1,111  I)MVIKMI>,  MOMMIAI.  I  A\A()A 

lMHODUM  ION 

A  number  n?  pi  minus  research  studies  hate  been  per  f  urmed  /nth  the  oh  jet 
t  i  v  e  id  i\r  \  e  i up i  np  a  model  t cj  predict  the  per  t  oinint m  e  and  of  I  ini’ncv  of 
t  ’  art  *.  i  it  i  iji  ound  t  er  (am. 

I  nr  proper  "X  >de }  )  tnp ,  several  appr  ouches  documented  t  r «  the  literature 
h.e  e  been  based  on : 

l  St  tip  Sint  mij  idealization  nt  the  trait  root  ait  aiea  /.its 
elastic  stress  d i  J  :  ibtil  ion  m  the  soil; 

.  Incrpy  dissipation  within  ttie  failed  soil  mas*.; 

1  fnerp*  i  on*, er\ at  inn  c  onsider  at  inns  for  ttie  trait  prnuser- 
M-il  sv  sf  em. 

A  t  hanpe  ir.  the  moment  epui librium  of  a  trait  pfnuser  system  /nil  rnnside- 
:.«!■!*  affect  it*«  efficiency,  s  me  e  ttip  pressure  and  smk.«pe  d  i  '»t  f  i  hot  i  nns 
beneath  ttie  trait  vn  1  1  he  altered.  My  and  laipe  most  I  esear  (hers  report 
nfi  the  weipht  eccentricity  effect,  with  little  mention  of  the  effect  of 
the  drawbar  poll  hitch  position  ori  trait  performance. 

in  this  study,  a  predict  ne  track  model  is  developed  based  on  enerpy 
p:»m  iples  to  account  for  hitch  position  demonstrated  in  terms  of  l  tie 
ft  awhar  poll  beipht.  Itie  experimental  program  conduit  ed  in  ttie  studs  is 
direited  towaids  provision  of  results  tm  compar  ison  with  ttie  predictive 
"'•del.  It  is  reasoned  that  changes  m  ttie  hitcti  position  i  I  I  induce 
differential  sink  ape  i  aos  mij  yai  nations  m  effect  ixe  pi  noser  penetration 
at  ttie  front  and  alone)  the  length  of  ttie  track.  ( onsoguent  lv,  unless 
these  ale  arc  unfit  ed  for  in  mot  inn  resist  am  r  ca  1 1  u  I  at  i  or  is ,  energy  losses 
<  annot  tie  f  ol  1  \  ident  i  f  ird. 

1'  ttie  e  » pe  i  i  merit  a  l  pi  op  lari  i  (inducted  to  o*rif  v  the  t  fieor  et  1 1  a  1  i  v  piedn 
t*»d  results,  t  |  in  t  inn,  drawbar  poll  and  sinkage  wrr  measured  on  an  expel  i 
"  ert  ,i !  track  imd»*r  different  test  rnririi  t  i  uns «  so  ttiat  ttie  cl  I  n  icm  \  ot 
Mu'  t  i  . « i  U  i**uld  he  f  o'ii|jwt*,/j  and  compared  t'l  ttie  predicted  aloes. 

I  XMf  H  I  Mt  \  I A  ?  IH\ 

**  e  •••pet  i  "'♦•f  1 1  a  1  program  consisted  of  a  series  nt  drawbar  pull  tests 
*  d<  ji  t  ed  in  to/,  b  m  f  ac  i  J  i  f  v  j  t  ong  and  i».  i  nd  l  si  h  ,  l ,f  /  f  I  |  os  i  np  a  stior  - 

h’S  'I  f/.e  ' }  i  'Wfi'i  i  i  if  ia )  toll  t  1  hi  k  moi'el,  shown  in  1  ig.  1.  '.nice  it  /.as 

•  "  i"  '..il  .  t  u  St  i  id  v  the  et  f  ert  of  (tie  dl  amt)  a  I  poll  h  i  t  i  h  pos  i  t  ion  ■  »n  t  tie 

'  ’  a*  W  iicjInrP'iiN  t  he  drawbar  poll  heipht,  e  ,  above  ttie  level  nf  ttie 


t  *  .*1  k  •  .  i  •  il  ii-'.f  f  r  or  |M.fi  f«r  4ll.fl  riii  bv  assigning  t  mil  ditteierd  tntcti 


•'***.•■ 


driving  wheel  (sprocket) 
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TABU  1  I  Xf’f  R  IMt  N1  Al  PROGRAM 


VARIABl  f 

Soil 

Kaolin  clay,  S  =  Af-ABS 

type  of  Grousers  and 

Multiple  Grouser 

Standard,  Passive  and  Aggressive 
( Yong  et  a  1 . ,  1 A7B  i 

Slip  Rate 

0  -  60% 

Belt  lens  ion 

1  .0  kN 

Grouser  Spacing 

1 2 .  S  cm 

Vert i cal  weiqht 

680  N 

weight  trcentricity 

0.0  cm 

OBJECTIVES  A  NO  MEASURIMENTG 


1.  Traction  -  slip  relationships  for  different  hitch  positions. 

2 .  Drawbar  pull  -  slip  relationships  for  different  fiitch  positions. 
I.  Rear  sink  age. 

A .  I  rack  inc 1 i nat inn . 


ANAlVSlSOf  H.M _ RtSUt  IS 

Hie  results  of  tfie  drawbar  pull  tests  conducted  on  each  of  the  various 
grouser  types  can  be  expressed  as  force-slip  rate  relationships  for  each 
drawbar  pull  hitch  position  or  force- ‘posi t ion  ’  •  relationships  for 
different  slips.  Hie  ratio  between  the  drawbar  pull  and  the  trartion 
force  can  be  used  as  a  measure  of  the  track  efficiency  (f  ig.  2 /.  Ihe 
higher  the  motion  resistance  is  the  higher  the  energy  losses  will  be  and 
the  lesser  will  be  the  useful  drawbar  pull.  Consequently,  the  efficiency 
of  the  track  will  be  reduced,  figures  5,  A,  and  *>  show  the  relationship 
between  drawbar  pull,  traction,  sinkage,  slip  rate  and  position  developed 
by  the  track  section  mounted  by  an  aggressive  grouser-track  system. 

Similar  results  were  obtained  for  two  other  grouser-t rack  types,  traction, 
dr  iwbar  pull  and  rear  sinkage  were  found  to  increase  steadily  wi*h 
increasing  slip  rate. 

During  the  whole  series  of  testing,  it  was  clearly  observed  that  the 
drawbar  pull  was  the  highest  for  ’position’  1  at  all  slip  rates,  while  the 
lowest  values  were  recorded  for  ’position’  A.  Ihe  measured  traction 
forces  were  found  to  follow  the  same  trends  us  indicated  for  the  drawbar 
pull  for  all  of  the  four  ’positions’.  While  the  rear  sinkage  showed  an 
increase  with  increasing  slip  rate,  it  was  found  to  tie  minimum  for 
’position’  1  and  maximum  for  ’position’  A. 


’Position’  from  thereafter  will  mean  drawbBr  pull  hitch  position. 


Drawbar  Pull  Haight  ey,  cm 


f  ig. 


f  iq. 


2  Track  Ifficieney  for  Various  Drawbar  Pull  Hitch  Positions  and 

Degrees  of  SI  ip 


Drawbar  PuH  Haight  9y,  cm 

3  Drawbar  Pull  Hitch  Position  Effect  on  the  Drawbar  Pull  force  for 
Various  Slip  Degrees 
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PRtPICTIVt  HOOet 


the  enerqy  balance  equation  for  a  track/grouser-soil  system  such  as 
shown  in  f lq.  1  can  be  written  as: 

MwrPv  ♦  D  ♦  C  *  S  (1 


where  H  : 

w  = 

p  = 

V  - 

c 

f)  r 
C  r 

s  -- 


c 

input  torque  applied  at  the  sprocket 
anqular  velocity  of  the  sprocket 
useful  drawbar  pull 
carnage  (vehicle)  velocity 
distortion  enerqy  ratio 
compaction  enerqy  rate 
shear  slip  energy  rate 


that 

) 


Ihe  analytical  framework  which  is  cast  in  terms  of  enerqetics  is  shown 
schematically  in  fig.  6  where  the  prediction  of  the  input  (traction)  and 
output  < pul  11  energies  of  the  full  track  under  various  loads,  track/ 
grouser  characteristics  and  slip  degrees  are  obtained  uBing  an  iterative 
technique.  The  prediction  procedure  starts  with  a  reasonable  assumption 
of  the  pressure  distribution  beneath  the  track.  As  a  first  approximation 
an  even  pressure  distribution  can  be  assumed,  i.e.  eccentricity  e  =  0. 
from  the  measured  pressure-sinkage  relationships  the  corresponding  grouser 
sinkaqe  can  be  obtained.  The  excavated  sinkaqe  due  to  track  slippage 
(Jj  can  be  added  to  obtain  the  total  sinkage  distribution  beneath  the 
track.  Utilizing  the  sinkage- t ract ion  relationships,  the  mobilized  trac¬ 
tion  force  developed  by  each  individual  grouser  can  be  obtained  according 
to  its  displacement  in  the  clay  soil.  Accordingly,  the  applied  specific 
input  energy  (per  unit  travel)  at  the  sprocket  is  calculated  at  any  degree 
of  slip  usinq  the  follow* oq  expression: 

Specific  Input  Energy  =  T/(l-i)  (2) 

where  T  r  total  mobilized  traction  beneath  the  track 
i  =  slip  deqree  =  1  -  vc/v 
vc  =  carriage  velocity 
v  =  theoretical  track  velocity 

the  v isioplaat lcity  analysis  and  computation  of  parasitic  enerqy  compon¬ 
ents  as  previously  presented  f 2 )  can  be  used  to  predict  the  total  energy 
losses  (distortion,  compaction,  shear  slip)  beneath  the  track.  This  can 
be  achieved  by  summing  together  the  participation  of  each  grouser  beneath 
the  track  according  to  its  sinkage  and  horizontal  displacement  J  =  ix 
where  x  is  the  distance  from  the  track  contact  point  st  the  front  to  the 
position  of  the  grouser  under  consideration. 


3i 
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track  (assumed  urn  form  ,c;  a  t  list 
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I  nerqy  Analysis  for  t  tie  track  Perf  ormance  Prediction 


Tig.  7  equilibrium  Analysis  of  the  Section  track 


M  -  applied  torque  to  the  sprocket  which  is  equal  to  the  traction 
force  multiplied  by  the  radius  r  of  the  sprocket. 

lakinq  the  moment  about  point  a,  forces  I,  R,  and  Q  are  cancelled  and  the 
moment  equilibrium  equation  can  be  written  as 

W  (e-e  )  ♦  M  =  P.e  (A) 

*  y 

where  e  =  eccentricity  of  the  upward  reaction  Q  from  the  centreline 
of  the  track  loaded  area 

fquation  { U  )  can  be  written  as 


e 


W 


ihree  possible  cases  of  pressure  distribution  can  be  obtained  from  the 
applied  forces  and  moments,  depending  on  the  value  of  e  as  follows: 

1)  e  L_/6 :  for  this  case  both  qr  and  q^  are  compression  and  the 

pressure  distribution  can  be  linearized  to  form  a  trapezoidal 
distribution  as  shown  in  the  upper  diagram  of  fig.  8.  Ihe  front 
and  rear  pressure  q^.,  q  can  be  calculated  using  the  following 
expressions : 

qf  =  qm  ( 1  -  6e/l  ) 
qr  :  S#  ( *  ♦  ! 
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3)  e>L/8 


1  iq.  8  linearized  Pressure  Distributions  Beneath  the  Track 


where  =  W/bl 

2 i  e  ;  L/6:  Triangular  pressure  distribution  which  results  from 

qf  =  0;  the  pressure  at  the  rear  point  is  given  by 

qr  =  2  % 

T t  e  I /6:  In  this  case,  part  of  the  contact  area  beneath  the 

track  is  unloaded  and  hence  no  pressure  is  transmitted  to  the 
supporting  soil  at  the  front  portion  of  the  track.  The  effec¬ 
tive  length  of  the  bearing  area  is  denoted  as  I  The  lower 

diagram  of  fig.  8  illustrates  this  case  where  the  effective 
length  l  can  be  calculated  as  follows: 

le  =  J  U/Z  -  e) 

and  the  pressure  at  the  rear  is  given  by 

qr  =  2  l/le 

=2^1/1  (l/2-e) 


fl 


(7! 
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In  addition  to  the  enerqy  consumed  in  deforming  the  soil  due  to  slip 
(horizontal  grouser  displacement)  some  compaction  energy  loss  is  also 
incurred  in  track  motion  because  of  track  sinkage.  the  procedure  for 
computation  of  compaction  enerqy  due  to  track  sinkage  was  developed 
previously  { 2  ]  where  this  compaction  energy  can  be  calculated  from  the 
following  equation: 


Specifir  compaction  energy  _  ^r  ~  ^f  ^  W 
due  to  track  sinkage  ’  l ( 1  -  i  )  b 

where  7^/^.  :  track  sinkage  at  rear  and  front,  respectively 

l  =  length  of  loaded  area  beneath  the  track 

W  :  track  weight 

b  ;  track  width 


Applying  the  equation  of  enerqy  conservation,  the  total  losses  can  be 
deducted  from  the  input  energy  to  yield  the  useful  drawbar  pull  energy, 
this  predicted  drawbar  pull  satisfies  only  the  force  equilibrium  condi¬ 
tion  of  the  track,  but  does  not  necessarily  satisfy  its  moment  equilibrium 
(since  the  assumed  pressure  distribution  at  the  beginning  is  not  neces¬ 
sarily  the  true  one’,.  Hence,  equilibrium  analysis  of  the  track  section 
as  a  free  body  is  to  be  performed  (fig.  7)  m  order  to  obtain  a  new 
pressure  distribution  consistent  with  the  predicted  drawbar  pull.  A  trial 
and  error  technique  is  then  used  where  the  new  calculated  pressure  distri¬ 
bution  is  utilized  in  the  next  trial  and  the  same  procedure  is  repeated 
until  the  input  and  output  pressure  distributions  are  equal.  At  this 
stage,  both  the  force  and  moment  equilibriums  of  the  track  section  are 
satisfied  as  shown  in  fig.  7  and  the  drawbar  pull  is  the  exact  value  to 
be  developed  by  the  track  under  any  given  conditions  as  specified  in  the 
input  data. 


tquilibnum  Analysis  of  the  Section  track 

lo  evaluate  the  pressure  distribution  beneath  the  track,  its  equilibrium 
under  different  straining  actions  should  be  considered  as  shown  in  Fig.  8 
where  a  tree  body  diagram  of  the  section  track  is  illustrated  together 
with  different  possibilities  of  the  generated  pressure  distribution. 
Straining  actions  of  the  section  track  can  be  identified  in  terms  of  the 
following  forces  and  moments: 


w  -  the  track  weight  which  acts  vertically  at  the  centroid  at 
distance  e>  from  the  centreline  of  the  track  loaded  area 

(positive  towards  the  rear) 

1  -  mobilized  traction  force  at  the  level  of  contact  area 
beneath  the  track  and  the  supporting  soil 

H  -  motion  resistance,  assumed  to  act  at  the  same  contact  level 

P  -  useful  drawbar  pull,  assumed  to  act  horizontally  (the  effect 
of  track  tilting  is  neglected)  at  height  e  above  the  contact 
level  y 

Q  -  total  normal  contact  preasure  beneath  the  track  which  is 
assumed  to  be  linearly  distributed 
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t  f  feet  of  Drawbar  full  Pun  it  ion 

the  effect  of  the  drawbar  pull  position  on  the  predicted  drawbar  pull 
coefficient  for  the  aqqressive  track  system  is  shown  in  I  tq.  ')  for 
different  slip  rates.  Ihe  results  presented  in  this  figure  are  the  pre¬ 
dicted  values  cor  respond inq  tn  the  special  case  of  zero  weight  eccentn- 
cit>  e  x  0.0'.  It  is  shown  that  there  is  an  opf imum  pull  eccentricity 

ratio  e  1  which  produces  t  fie  maximum  pull  coefficient  for  any  specific 

slip.  Plotted  on  the  same  figure  is  the  line  of  maximums  which  connects 
the  peaks  of  different  curves.  Ihe  optimum  pull  eccentricity  ratio  lies 
between  i*>  to  2N  percent  for  this  particular  case  of  zero  weight  eccentri¬ 
city.  Increasing  the  pull  eccentricity  ratio  beyond  these  specified 
limits  considerably  reduce;;  the  track  performance  due  to  the  very  signi¬ 
ficant  taildown  altitude  of  the  track  associated  with  the  increase  of  the 
moment  produced  by  the  drawbar  pull.  Ihe  resulting  tilting  position  nf 
the  track  reduces  the  effective  penetration  height  of  the  grousers  at  the 
track  front  while  the  track  sinkage  at  the  rear  is  increased.  Ihis  situa¬ 
tion  causes  motion  resistance  and  energy  losses  to  be  of  appreciable 
value  and  consequently  reduces  the  efficiency  of  the  track.  A  reduction 
nf  up  to  100“«  in  the  drawbar  pull  coefficient  will  occur  if  the  drawbar 
pull  eccentricity  ratio  is  increased  from  2H  to  f>0  percent. 

I lqures  H)(a  to  10(d.  examine  the  compound  effect  of  both  the  pull 
eccentricity  ratio  ie^/l  )  and  the  weiqht  eccentricity  ratio  'e^/l  ,  on 

the  predicted  pull  coefficient  for  different  values  of  weight  eccentri- 
i ity  ratio  between  -12  and  +  12«.  from  these  figures  it  is  concluded  that 
the  weiqht  eccentricity  can  also  play  a  great  role  in  determining  the 
track  efficiency.  Increasing  the  weiqht  eccentricity  towards  the  track 
front  <-12a  will  counteract  the  effect  of  the  drawbar  pull  moment  and 
lead  to  a  more  uniform  pressure  distribution  beneath  the  track.  In  the 
other  extreme  (weiqht  eccentricity  ratio  of  1 2% ) ,  the  moment  produced 
due  to  the  weight  eccentricity  strengthens  the  effect  of  drawbar  pull 
eccentricity  in  producing  large  pressure  concentration  towards  the  track 
rear,  and  consequently  rapid  reduction  in  the  pull  coefficient  is 
obt ai ned. 


COMPARISON  Of  tXPtHlWM AI  AND  PRtDl  ('  IJ_l) 

RFSUIJS 

f  igures  11,  12  and  II  show  the  predicted  values  of  drawbar  pull  at 
different  ’positions',  for  the  standard,  passive  and  aggressive  track 
sections,  respectively,  used  in  the  test  series.  Ihe  predicted  results 
are  expressed  as  a  relationship  between  drawbar  pull  coefficient 
Idrawbar  pull/weiqht  of  track,  P/w]  and  drawbar  pull  eccentricity  ratio 
[height  of  drawbar  pull  above  track  level/length  of  track,  e  'I  in  «). 

In  addition,  the  experimentally  measured  values  are  plotted  on  the  same 
figures  with  the  predicted  values,  for  reasons  of  comparison. 

These  figures  clearly  illustrate  that  tfie  experimental  and  predicted 
results  are  in  good  agreement.  Both  ttie  experimental  and  predicted  values 
for  tfie  drawbar  pull  coefficients  show  an  optimum  pull  eccentricity  ratio 
which  produces  the  maximum  pull  coefficient  for  any  specific  degree  of 
slip.  Ihis  eccentricity  ratio  is  in  the  order  of  2()*e  for  most  cases. 


i  =  60% 


(Wl  US  KINS 

fhe  exper  invent  a  1  program  demonst  rates  thp  actual  effects  of  ttie  drawbar 
[Hill  hitch  posit  inn  on  thp  performance  of  tracks  over  soft  soils. 

>or  different  t  rai  k-qrouser  systems,  it  was  found  that  both  traction  and 
drawbar  [mil  deteriorate  as  ttie  pull  height  is  increased  above  the  track 
i  ont art  level.  In  addition,  track  sinkaqe  at  thp  rear  is  innsiderahly 
mireased  for  higher  hitch  positions.  Consequently,  higher  motion  resis¬ 
tance  and  lower  track  efficiency  can  be  experienced  due  to  an  increase 
of  ttie  drawtiai  pull  height  above  a  certain  level. 

flood  correlation  has  been  obtained  between  thp  experimentally  measured 
t  i  ack  performance  and  the  predicted  values  using  ttie  energetics  predict  ne 
model.  Hie  importance  of  ttie  hitch  position  can  he  further  demonstrated 
from  ttie  predictive  model  in  terms  ot  thp  line  of  maximums  3hown  m  f  igs. 
y  and  ID.  'his  line  occupies  a  very  narrow  rone  for  the  rase  of  positive 
weight  eccentricity  fig.  lOld  wherp  thp  moment  produced  by  the  weight 
arid  ttie  drawbar  pull  are  of  the  same  sign,  while  this  line  extends  to 
cover  a  wider  ranqp  for  the  rase  of  a  negative  weight  eccentricity  ff lg. 

Ill  a  due  tn  the  opposite  effect  of  weight  and  drawbBr  pull  on  the  over¬ 
all  track  moment  equilibrium. 

!he  results  can  he  used  to  construct  the  optimization  curve  shown  in 
I  ig.  Is  tnr  different  degrees  of  slip.  from  this  figure,  it  is  possible 
to  locate  thp  best  combination  of  the  pull  and  weight  eccentririty  ratios 
iri  (.liter  to  produce  ttie  maximum  drawbar  pulls  and  the  highest  track  effi¬ 
ciencies.  In  other  words,  for  any  specified  weight  eccentricity  it  is 
possible  to  specify  ttie  associated  drawbar  pull  eccentricity  (or  visa 
versa  which  produces  the  maximum  track  performance  at  any  desired  degree 
of  slip. 
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ABSTRACT 

After  having  finished  the  nonlinear  finite  element 
analysis  of  the  sands  under  the  tracked  vehicle  by  a 
nonlinear  finite  element  analysis  program  called  NFAP, 
A  modified  IXrncan  model  based  on  soil  triaxial  testing 
was  suggested.  The  results  of  the  experiment  and  the 
values  predicted  are  well  coincidence.  The  studies 
show  that  the  grouser  has  important  effect  for  the 
thrust  on  sands. 


INTRODUCTION 


Over  a  long  period  of  time,  the  selection  for  structural 
parameters  of  a  tractive  devise  of  vehicle  is  full  of  blind¬ 
ness.  It  led  to  the  defeat  of  the  tracked  vehicle  design  due 
to  lack  of  quantitative  analysis  on  the  basis  of  responses 
in  off-road  mobility  analysis  of  tracked  vehicle  /I/.  Thus 
the  study  of  interactions  of  the  soil-tractive  devices  to 
promote  the  off-road  mobility  will  be  of  utmost  importance. 
However,  because  of  the  complexity  and  nonlinear  of  surface 
soil  property,  up  to  now,  the  quantitative  analysis  of  the 
interactions  of  the  soil-tractive  devices  is  still  a  problem 
that  is  not  well  solved. 

The  doctor's  dissertation  made  by  Perumpral  at  the  Purdure 
university  in  1969  is  regarded  as  the  earliest  application 
of  the  finite  element  method  in  the  field  of  terramecbanics, 
on  the  basis  of  which  he  mads  calculations  of  the  soil  dis¬ 
placement  field  and  the  stress  field  under  the  rigid  wheels 
/2/.  As  to  the  soil,  he  selected  the  segmented  linear  elas¬ 
tic  strain-hardening  model  assuming  that  >n  remains  unchanged 
and  K  changes  with  the  loading  segments  only.  The  computa¬ 
tion  results  are  close  to  that  given  by  the  WES  research 
report  based  on  the  elasticity  theory,  but  differ  form  the 
experimental  results.  The  static  and  dynamic  analysis  were 
once  carried  out  the  soils  under  the  rigid  wheels  by  Chung 
and  Lee  /?/,  who  made  use  of  the  critical  state  concept  put 
forward  by  Roscoe  and  Burland  on  saturated  soils  to  study 
the  soil  nonlinearity  and  also  made  a  comparison  with  the 
results  computed  by  Perumpral.  Besides,  Tong,  from  1972, 
began  studying  the  possibility  of  applying  the  finite  ele¬ 
ment  method  in  the  field  of  terramechanics  and  calculated 
the  soil  deformation  energy  loss  under  the  loading  condi¬ 
tions  of  both  the  rigid  wheels  /e/  and  the  flexible  wheels 
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/5/  with  the  iu«  consideration  about  the  soil  nonlinearity 
as  Peruapral's. 

In  the  early  study  of  terraaechanics,  Bekker  at  al  believed 
that  the  vehicle  traction  on  sands  depends  on  the  vehicle 
weight  while  the  grouser  effect  is  very  little  according  to 
the  classical  Couloab  theory.  This  authoritative  understan¬ 
ding  has  been  so  deeply  convinced  by  nany  people  up  to  now 
that  few  people  are  willing  to  sake  deeper  study  about  the 
track-soil  systea. 


ppp.TMTHABT  ATTEMPT  OW  QUAHTITATIVB  ABALT8I8 

The  track-soil  interaotlon  involves  the  track  links  is  con¬ 
tact  with  the  ground  and  the  soil  under  its  notion.  In  the 
finite  eleaent  analysis,  the  idealisation  of  track-soil  ays- 
tea  and  seleotioa  of  the  elastoplastio  aodel  and  the  analy¬ 
sis  aethod  will  be  of  utaost  iaportance.  They  involve  compu¬ 
tation  accuracy  and  coat.  The  author  /6,7/  made  a  finite 
eleaent  analysis  of  grouser  effect  by  using  the  Drucker- 
Prager  aodel  in  fflFAP  /B/. 

i.  Idealisation  of  Traok-floll  Systea 

Theoretically  speaking,  it  is  better  to  analyse  the  grouser 
effect  in  a  three-diaensional  spaoe.  This  is  because  the 
grouser  shape  changes  in  the  direction  of  the  track  link 
width  and  the  ratio  of  track  link  width  to  track  link  length 
la  not  large  enough,  nevertheless,  thousands  of  elenants  are 
required,  even  the  three-diaensional  displaoeaent  field  and 
stress  field  of  the  soil  under  the  traek  are  to  be  roughly 
described.  Sven  if  the  ooaputer  progran  could  have  the  abi¬ 
lity  to  carry  out  the  computation,  the  oonputational  work  is 
too  large  to  be  accepted,  and  this  requires  simplification. 
At  present,  the  midoross  section  of  the  track  link  in  the 
width  direction  has  been  chosen  for  asking  a  plane  strain 
analysis  because  the  grouser  prefile  at  this  cross  seotion 
can  mostly  represent  the  grouser  profile  of  the  whole  link 
(account  for  0.5  approximately)  and  is  also  the  aain  part  to 
offer  the  thrust.  As  a  aattsr  of  fact,  up  to  now,  the  wheel 
width  has  been  assumed  to  be  infinitely  great  in  the  finite 
eleaent  analysis  of  wheel  (tyre)  and  soil  interactions  so  as 
to  carry  out  plane  strain  analysis. 

In  this  study,  the  two  links  are  514  aa  long  and  soil  sample 
to  be  analysed  is  970  aa  long  and  405  *•  high.  The  soil  sam¬ 
ple  is  subdivided,  which  includes  52  linear  and  40  nonlinear 
eleaents  with  the  total  nuaber  of  nodes  being  128.  To  aake 
the  bandwidth  of  the  stiffness  matrix  minimus,  the  nodes  are 
basically  nuabered  in  a  radiant  aanner.  The  constraints  for 
the  boundary  displaoeaent  are  dose  to  the  wheel-soil  systea 
analysis  aa  aade  by  Peruapal,  Chung  and  Tong  at  al.  In  this 
study,  as  the  soil  considered  is  loose  sand,  it  is  reaso¬ 
nable  to  as suae  that  the  soil  in  oontaet  with  the  traek  link 
is  exerted  a  vortical  uni fo rely  distributed  forces.  The  bo— 
risontd  loading  shall  be  converted  froa  the  vehicle  field 
test  data.  In  brief,  the  loading  conditions  are  eoapletely 
in  conformity  with  the  aaxlaua  traction  conventional  tests 
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of  the  tracked,  vehicles. 

2.  Selection  of  Elastoplastic  Model  and  Analysis  Method 

The  soil  involved  in  this  study  is  the  dry  loose  sand,  its 
voluae  density  being  1.57  g/ca' ,  water  content  0.6#  and  is 
categorised  as  rough  sand  according  to  the  particle  grade. 
Through  the  saapla  tri axial  teat,  the  four  nec  :esaary  soil 
contants  are  obtained  as  follows: 

E  -  200  kg/ca*  M  -  0.22 

C  -  0.04  kg/ca*  if  m  35.8* 

In  the  NPAP  prog ran,  the  Drucker-Prager  aodel  is  specially 
prepared  for  aaking  plane  strain  analysis  of  soils  and  rocks. 
The  aodel  provided  by  Drucker  and  Prager  is  an  extension  of 
the  Couloab  yield  criterion  /9/.  In  the  principal  stress 
space,  the  yield  surface  is  a  cone,  its  expression  is 


f  -  a  I,  ♦  j/  ♦  k  -  0 

(1) 

where  a  and  k  are  positive  constants.  In 

the  NPAP, 

«  .  "inf _ 

fS  /3  ♦  Bxn'f 

(2) 

k  .  cosjf  _ 

♦  sln*f 

(3) 

The  yield  surface  difined  by  the  von  Mises  yield  criterion 
in  the  principal  stress  space  is  a  colunn,  its  expression  : 

f  ■  -  Ts  “  0 

(4) 

where  ~c  _  is  the  test-deterained  yield  stress  in  pure  shear. 
Although  the  von  Mines  criterion  was  derived  in  accordance 
with  nonfriction  aaterials  such  as  aetals,  the  effective 
stress  field  and  effective  strain  field  obtained  by  using 
the  criterion  conditionally  are  still  useful. 

In  this  study,  the  increaent  iteration  aethod  is  used  in  the 
nonlinear  analysis  technique.  The  load  is  to  be  increased 
step  by  step  in  24  steps,  when  one  load  is  charged  it  is 
allowed  to  regenerate  the  stiffness  aatrix  and  to  do  up  to 
15  equilibriua  iterations.  In  view  of  the  nonlinear  property 
of  the  soil,  when  the  Drucker-Prager  aodel  is  applied,  the 
relative  error  used  to  aeasure  the  convergence  of  the  equi¬ 
libria  iterations  is  taken  as  0.02. 

• 

5.  Ooaputation  Results  and  Discussion 

The  elastoplastic  Drucker-Prager  aodel  (hereinafter  referred 
to  as  Model  7)  and  the  elastoplastic  bilinear  hardening  von 
Mises  aodel  (hereinafter  referred  to  as  Model  3)  were  used 
in  the  coaputation. 

Fig. 1  shows  the  trace  of  node  displacement  obtained  by  using 
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Pig.1  Rode  Diaplaceaent  Tracea 


the  Hodel  7,  the  top  diagraa  indicating  the  reveraal  loading 
and  the  lover  one  indicating  the  forward  loading.  It  can  be 
aeen  froa  Fig.l  that  the  node  diaplaceaent  cauaed  by  forward 
loading  ia  uaually  greater  than  by  reveraal  loading.  The 
diaplaceaent  aeon  value  of  the  17  pointa  in  the  neighborhood 
of  the  track  linka  under  forward  and  reveraal  loading  condi- 
tiona  ia  taken.  The  diaplaceaent  generated  by  P,  >  1.0  kg/ca 
under  the  forward  loading  condition  ia  equal  to  that  genera¬ 
ted  by  P,  -  1.16  kg/ca*  under  the  reveraal  loading  condition. 
Pig.?  illuatratea  the  plaatic  area  calculated  by  uaing  the 
Model  7,  the  top  diagraa  indicating  the  reveraal  loading  and 
the  lover  one  indicating  the  forward  loading.  It  can  be  aeen 
froa  thia  figure  that  the  plaatic  area  ganerated  when  P>  - 
0.8  kg/ca*  under  the  forward  loading  condition  ia  analogoua 
to  that  when  P,  >1.0  kg/ca*  under  the  reveraal  loading  con¬ 
dition;  and  the  plaatic  area  generated  when  P,  >1.0  kg/ca* 
under  the  forward  loading  condition  ia  analogoua  to  that 
when  P,  >  1.?  kg/ca*  under  the  reveraal  loading  condition. 

In  other  worde,  under  the  aaae  applied  loading  condition,  it 
ia  wore  eaaily  for  the  forward  loading  to  get  yielding  fai¬ 
lure  in  eoil;  or  the  reveraal  loading  nay  be  20%  greater 
than  the  forward  ioading  to  aake  the  aaae  aoil  failure. 

The  effective  atreaa  field  and  effective  atrain  field  aa 
derived  by  uaing  the  Model  3  are  illuatrated  in  Piga.3  and 
4.  The  top  diagraaa  indicate  the  reveraal  loading  and  the 
lower  one  indicate  the  forward  loading.  Both  figurea  are 
given  in  the  fora  of  contour.  It  ia  obvioua  froa  Piga.3  and 
4  that  when  P,  ia  equal  to  1.0  kg/ca* ,  the  effective  atreaa 
and  atrain  generated  in  the  aoil  under  the  reveraal  loading 
condition  are  aaaller  than  under  the  forward  loading  condi¬ 
tion. 


» 
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Pig. 4  Strain  Contours 


Por  quantitatively  describing  the  stress  state  of  soil  under 
the  track,  the  <r  -  «■ Bi  figure  is  useful.  Pig. 5  is  ob¬ 
tained  fro*  cospuWtion“r#sults  by  Model  7.  It  can  be  seen 
from  Pig. 5  that  the  pulling  states  appear  on  down- front  of 
the  low  teeth  and  rear  of  the  track  link  under  the  forward 
loading  condition,  but  on  down-front  of  the  high  teeth  and 
rear  of  the  track  link  under  the  reversal  loading  condition. 
The  higher  coapreasive  stress  states  appear  on  down-front  of 
the  other  grousers.  It  is  obvious  fron  Pig. 5  that  the  res¬ 
ponses  under  the  forward  loading  and  reversal  loading  are 
different.  It  shows  once  again  that  the  grouser  has  impor¬ 
tant  effect  for  the  thrust  on  sands. 
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EXPANSION  FOR  NFAP 


In  the  field  of  terramechanics,  the  constitutive  models  used 
in  the  finite  eleaent  analysis  are  usually  taken  from  geo¬ 
technical  engineering.  However,  the  properties  of  surface 
soils  involved  in  terramechanics  are  obviously  distinguished 
from  the  properties  of  soil  in  the  foundations  concerned  in 
geotechnical  engineering.  Thus  in  using  the  constitutive 
models  indiscriminately,  the  error  would  be  introduced.  In 
order  to  improve  the  confidence  of  computation,  the  author 
/ 10/  suggest  a  modified  Duncan  model  based  on  soil  triaxial 
testing. 

1.  Modification  of  Duncan  Model 

In  terra-mechanical  problems,  while  the  vehicle  travels  on 
the, ground,  the  lateral  earth  pressure  <r,  increases  in  some 
ratio  with  the  axial  pressure  <T,  .  Under  the  proportionally 
loading  conditions,  soil  mass  has  additional  strengh  due  to 
the  increasing  of  <r,  ,  thus  the  soil's  stress-strain  rela¬ 
tions  exhibit  inclined  asymptotes  rather  than  level  asymp¬ 
totes.  Pig. 6  shows  the  triaxial  testing  results  of  the  sand 
and  sandy  loam. 


Pig. 6  Triaxial  Testing  Results  on  Sand  and 
Sandly  Loam  (  /wff>  »  2  ) 


The  tangent  elastic  modulus  Et  is  expressed  in  two  different 
approaches  according  to  the  conditions  of  soils. 

a)  Por  the  soils  which  have  large  density  and  higher  conso¬ 
lidation  pressure,  when  o>  is  a  constant,  the  hyperbolic 
regression  equation  of  Duncan  is  acceptable  for  practical 
purposes.  Its  tangent  elastic  modulus  El  is  shown  in  Pig.?. 
While  is  a  constant,  the  value  of  Efc  approaches 
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Pig* 7  Relationship  between  S  and  07 


aoae  fixed  value  S'  and  can  be  expressed  as 

Bt  “  Et  ^  *'  (5) 

For  sandy  loan 

I*  -  30  (  0}  ♦  0.25)  tan(  )  (6) 

For  sand  (  C  ■<  0.05  kg/cm  ) 

E*  -  30  (5  <T,  ♦  0.25)  tan<  0.01|*  gp  )  (7) 

In  Eqa.(6)  and  (7).  K  is  bulk  modulus  (kg/ca1 ),  and  0;  is  an 
initial  consolidation  pressure  (kg/ca* ). 

b)  For  the  loose  soil,  relationship  between  stress  and 
strain  does  not  exhibit  a  hyperbolic  relation.  If  a  hyperbo¬ 
lic  regression  is  used,  a  low  confidence  will  be  resulted. 
The  elastic  modulus  of  the  soil  is  less  than  what  is  ob¬ 
tained  by  hyperbolic  regression  initially,  but  is  greater 
after  reaching  a  fixed  stress  level.  In  order  to  reflect 
this  behavior  of  loose  soil  aceuretely,  the  expression  of  E' 

is  modified  as  follows 


In  view  of  the  above  analysis  for  E*,  the  author  suggests 
that  the  tangent  Poisson's  ratio  could  be  obtained  direc¬ 
tly  froa  the  following  equation: 

Mx  -  (1  -  Et/3D/2  (9) 

Such  a  treatment  will  be  siaple  and  possibly  aore  accurate, 
because m t  is  aodified  accordingly. 
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2.  Implementation  of  Modified  Duncan  Model  in  Finite  Element 
Analysis 

The  formulation  of  the  modified  Duncan  model  discussed  in 
the  previous  section  has  been  implemented  into  the  NFAP. 

The  responses  of  soils  loaded  with  track  links  are  analyzed 
and  the  results  are  given  below. 

The  three  links  are  450  am  long  and  the  soil  sample  to  be 
analyzed  is  2350  mm  long  and  1630  mm  high.  The  track  links 

are  subdivided  into  19  linear  elements  and  the  soil  sample 

are  subdivided  into  111  nonlinear  elements.  The  total  number 
of  nodes  is  173. 

The  displacement  mean  value  of  the  16  points  in  the  neigh¬ 
borhood  of  track  links  under  forward  and  reversal  loading 
conditions  are  given.  It  is  0.164  mm  under  the  forward 

loading  condition  and  it  is  0.153  mo  under  the  reversal 

loading  condition.  The  displacement  under  the  forward  loa¬ 
ding  condition  is  7  %  greater  than  that  under  the  reversal 
loading  condition. 

It  can  be  seen  from  Pig. 8  that  the  stress  generated  under 
the  forward  loading  condition  is  much  more  than  that  under 
the  reversal  loading  condition.  In  order  to  compare  the  fai¬ 
lure  ratio  of  each  layer  of  soils,  their  averages  are  listed 
below: 


Forward  Loading 

Reversal  Loading 

Pirst  Layer 
(0  -  5.8cm) 

0.26 

0.19 

Sec and  Layer 
( 5.8—8. 3cm) 

0.37 

0.29 

Third  Layer 

C8, 3-1 3cm) 

0.35 

0.28 

It  can  be  seen  that  the  failure  ratio  under  the  forward  loa¬ 
ding  oondition  is  more  than  20%  in  each  layer. 


EXPERIMENT  INVESTIGATION 


A  laboratory  experiment  was  conducted  to  compare  the  predic¬ 
ted  stress  values  with  the  measured  values.  The  boundary 
conditions  in  both  cases  are  similar.  The  uniform  pressune 
on  the  soil  surface  is  applied  by  a  specially  designed  fle¬ 
xible  track  links.  Pour  testings  are  repeatedly  made  for 
each  scheme  to  eliminate  the  error  of  accidental  factor  in 
the  testing.  The  adhesive  traction  of  the  track  links  is 
equal  to  the  testing  total  traction  minus  the  resistance 
caused  by  pushing  soil.  This  resistance  is  computed  by 
Bekker’s  equation  /10/.  Substituting  for  soil  and  track  link 
parameters  becomes: 
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Rb  -  8.775  Z  ♦  0.555  Z*  (10) 

where  Z  is  the  sinkage  of  track  link. 

Tba  testing  raaulta  show  that  tba  adhesive  traction  under 
the  reversal  loading  condition  ia  approxiaatsly  14%  greater 
than  that  under  the  forward  loading  condition  whether  the 
number  of  the  track  link  is  one  or  two.  Fig. 9  shown  the 
relationahipe  between  adhesive  traction  and  horizontal  dis¬ 
placement  under  one  track  link  and  two  track  links. 


Fig. 9  Relationship  between  Adhesive  Traction 
and  Horizontal  Displacement 
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The  results  of  computation  and  experiment  show  that  the 
modified  Duncan  model  and  the  expanded  NFAP  provide  a  means 
for  quantitative  analysis  of  terra-mechanical  problems.  The 
geometry  of  grouser  has  important  effect  for  traction  deve¬ 
loped  by  track  links  on  sands. 
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RDF  COMFORT  OF  OFF -ROAD  VFHKXFS 


Ol  IfNTFR  H.  HOHL  1 

At  ISTRIAN  FFDFRAL  ARMY,  VIFNNA  j 


1.  INTRODUCTION 


Recall**  of  the  roughness  of  the  terrain  they  encounter,  cross  country  vehicles 
experience  more  shock  and  vibration  than  ordinary  road  vehicles.  Hence  off¬ 
road  speed  is  usually  limited  by  the  ability  of  the  operator  to  withstand  these 
vibrations  to  negotiate  and  to  retain  adeguate  control  of  the  vehicle.  In  addition 
to  other  factors,  the  comfort  of  the  operator,  which  contributes  to  his  general 
safety,  also  depends  on  the  physical  characteristics  of  the  seat,  which  is  the 
link  between  the  driver  and  the  vehicle. 

In  the  last  years  great  attempts  have  been  made  to  improve  the  driver  seat. 

Such  developments  however  should  not  be  at  the  expense  of  the  driver’s 

ability  to  "feel"  the  terrain.  Still  the  operator  is  usually  better  situated 
than  the  other  crew  members  as  he  is  able  to  control  speed  (the  main  factor 
affecting  vibration)  and  to  observe  obstacles  in  front  of  the  vehicle.  Soldiers 
sitting  in  the  rear  of  a  truck  or  in  the  crew  compartment  of  a  tracked  vehicle 
are  affected  not  only  by  vibrations  but  also  by  exhaust  gss  and,  last,  but  not 
least,  by  psychological  effects. 

Hence  a  new  definition  of  the  term  "Speed"  should  be  made 
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Speed  definition 
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-tpchnirnl  is  defined  as  the  hiqhest  speed  which  iy  possible  from  the  technical 
point  of  view,  pveludinq  consideration  human  factors.  For  certain 
terrain  situations  this  speed  is  nearly  proportional  to  the  power/weiqht 
ratio  and  it  decreases  with  the  increase  of  rolling  resistance 
and  slope.  As  in  recent  years  the  power/weiqht  ratio  of  cross 
country  vehicles  has  been  improved,  the  technical  speed  it  relatively 
high,  even  under  poor  environmental  conditions. 

In  many  cases  however  this  high  speed,  although  technically 
possible,  can  not  be  tolerated  by  the  human  body.  The  driver 
will  reduce  the  speed  to  the 


This  is  defined  as  the  speed  which  is  tolerable  for  the  crew  members 
to  carry  out  their  duties  efficiently.  The  tolerable  speed  will 
not  be  the  same  for  all  crew  members,  and  therefore  this  speed 
is  further  subdefined  by  the  several  crew  memberjCCrew  member 
1,2  ...n)  For  military  purpose  the 


must  also  be  considered.  The  "fire-speed"  is  defined  as  the  speed 
in  which  the  weapons  are  fired,  achieving  specific  results  in 
accuracy.  Sf.  will  increase  by  usinq  stabilisation  devices. 

In  military  operations  a  cross  country  vehicle  can  not  to  be 
considered  in  isolation  since  it  is  employed  in  conjunction  with 
other  vehicles  in  a  military  formation  for  specific  tactical  tasks. 
Therefore  the 

^tactical  the  "tactical  speed"  must  be  considered.  The  tactical  speed 
should  not  be  higher  than  the  lowest  S(o|. 

With  these  factors  in  view  it  is  the  intent  of  this  paper: 

a'  to  present  a  general  overview  of  national  and  international  standards 
and  recommendations  and  publications  which  deal  with  the  field 
of  measurement  of  whole  body  vibrations. 

hi  to  present  a  method  to  assess  the  ride  comfort  of  cross  country  vehicles 
with  *V-Wert"  (K -value)  according  to  VDI-recommendations. 

c)  to  report  an  tests,  conducted  by  the  author,  with  wheeled  army  vehicles 
of  varying  tire  pressures,  speed,  tire-size,  and  terrain,  and  to  present 
the  results  on  a  comparsion  test  between  wheeled  and  tracked  armoured 
vehicles  of  the  same  size. 
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2.  MEDICAL  CONSIDERATIONS 


The  ho  man  body  itself  has  no  special  aenae  organ  to  reqiater  mechanical  vibrations, 
nor  does  it  have  any  specific  defense  mechanism  to  counter  those  vibrations. 

The  influence  of  mechanical  vibrations  on  human  subjects  may  be  tested  either 
bv  collecting  statistical  data  or  by  experimental  research.  Both  methods  of 
investigation  result  in  the  conclusion  that  a  human  being  exposed  to  mechanical 
vibrations  can  be  affected  by  reduced  comfort,  fatigue  decreased  proficiency, 
and  finally  by  impairment  of  his  safety  and  health. 

The  reasons  for  human  reactions  to  mechanical  vibrations  experienced  by  cross 
country  travel  can  be  categorized  into  three  groups.  These  are 

-  Physical  Effects 

-  Physiological  Effects 

-  Psychological  Effects 

2.1  Mechanical  models  (Physical  effects) 

F or  the  purpose  of  investigating  the  effects  of  mechanical  vibrations,  the  human 
body  should  not  be  regarded  as  a  rigid  mass.  Theoretical  models  of  varying 
degree  of  complexity  have  been  developed  by  several  researchers  to  represent 
the  human  body  as  a  mechanical  system  of  masses,  springs  and  dampers. 


Mechanical  substitute  system  for  the  human  body.  (Dieckmann  and  Coermarm 


modified  by  Dupuis) 

A  I  mass- lspringl  damper -system 
B  2masaee-2aprinqs-2dempers-Bystem 
r  7masees-7springs-5dampers-system 


D  Multiple  masses -springs- dampers 
system  (BrOel  A  Kjear) 
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Dieekmarm  regard*  the  accuracy  of  model  A  to  be  sufficient  up  to  a  frequency 
of  10  Hi,  which  includes  the  main  resonance  of  the  body.  The  second  resonance 
between  10-13  Hi  can  be  included  with  model  B.  A  more  complicated  mechanical 
system  represent mq  the  human  body  as  a  multiple  maaaes-springs-dampers 
system  has  been  published  by  BrOel  A  Kjaer  (6)  a  company  which  produces  instrument 
for  measunnq  and  analysinq  mechanical  vibrations. 

When  the  human  body  is  regarded  as  a  simplified  mechanical  system  the  mechanical 
properties  of  the  several  linear  and  non  linear  elements  should  be  known.  Since 
these  elements  are  influenced  and  interconnected  in  a  very  complex  way  and 
since  the  properties  are  very  difficult  to  determine  and  therefore  differ  from 
person  to  person,  mechanical  and  mathematic  models  can  not  be  applied  In 
every  case.  Moreover  experiments  with  human  beinqs  are  difficult,  time  coneuminq 
and  in  extreme  cases  unethical.  Experiments  with  animals  do  not  provide  accurate 
comparison  to  human  reactions  in  every  case. 


2.2  Physiological  and  Psychological  Effects 

Apart  from  the  mechanical  influence  described  in  2.1  physiological  and  psychological 
effects  can  also  be  observed.  These  effects  are  extremely  complex  and  therefore 
very  difficult  to  measure.  In  the  range  1  -  3  Hi  shortness  of  breath  is  detectable. 

The  frequency  of  respiration  is  different  from  the  vibration  frequency  of  the 
lungs.  Between  5  -  9  Hi  the  amplitude  of  the  movement  of  viscera  is  at  the 
maximum  and  the  human  body  attempts  to  reduce  this  effect  with  bated  breath. 
Vibrations  in  the  sphere  of  tow  frequencies  increase  the  pulse  rate.  The  skin 
temperature  of  the  legs  drops  during  the  impact  of  vibration.  The  expenditure 
of  energy  increases  in  ranges  of  all  frequencies  and  is  the  effect  of  muscular 
exertion.  A  very  striking  effect  of  mechanical  vibrations  above  20  Hi  is  the 
partial  suppression  of  muscular  reflexes  and  is  regarded  as  a  disorder  of  the 
nerve  centre. 

Many  studies  on  physiological  effects,  such  as  perception,  discomfort,  and 
pein,  have  been  carried  out  on  driven  of  vehicles  (tractors)  or  earth  moving 
machines,  and  on  aircraft  pilots  by  varying  the  environmental  conditions. 

This  research  has  determined  that  mechanical  vibrations  can  result  in  physiological 
damaqe. 

T  able  1.  Physiological  symptoms  dominate  in  the  range  of  frequencies 
1  to  20  Hi 

Symptoms  Erequency  (Hz) 


General  feeling  of  discomfort 

4 

-  9 

Difficulty  of  breathing 

2 

-  4 

Head  symptoms 

13 

-  20 

Abdominal  pains 

4,5 

-  10 

Speech  disorder 

13 

-  20 

Urge  to  urinate 

10 

-  18 

"Lump  in  the  throat" 

12 

-  16 

Chest  pains 

5 

-  7 

Increased  muscle  contraction 

4 

-  9 

Lower  yaw  symptoms 

6 

-  8 
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Vibrations  with  frequencies  below  I  Hr  ran  also  result  in  general  feelinqs  of 
discomfort.  Thesp  vibrations  can  cause  kinetosis,  nr  motion  sickness,  anti  the 
characteristics  of  these  symptoms  are  quite  different  from  those  described 
above.  Human  reactions  to  vibrations  below  1  Hi  depend  on  a  large  number 
of  external  factors  (e.q.  aqe,  sex,  vision,  activity  and  odours)  which  have  nothing 
to  do  with  the  motion. 

lr\  addition  the  psychological  effect  of  cross  country  travel  should  not  be  overlooked. 
In  particular  the  crews  of  military  vehicles,  such  as  trucks  and  armoured  tracked 
vehicles,  are  exposed  to  a  high  level  of  psychological  stress.  The  crew  members 
who  cannot  observe  the  obstacles  and  the  rough  terrain  feel  a  general  discomfort 
resulting  from  mechanical  vibrations  to  an  even  greater  extent  than  the  driver. 

In  an  APD,  for  example,  the  crew  is  not  onf/ bothered  by  the  vibrations  but 
also  by  the  exhaust,  used  air,  the  noise  of  the  vehicle,  and  the  battle. 


3.  FREQUENCY  ANALYSIS 

The  set  of  equal  comfort  contours  presented  in  the  international  standards 
are  emperically  determined  so  that  a  larqe  sample  of  people  were  exposed 
to  sinusoidal  vibrations  with  a  certain  frequency  and  intensity.  The  problem 
is  that  the  vibrations  which  occur  in  cross  country  rides  are  not  periodical, 
therefore  a  frequency  analysis  must  be  conducted  to  demonstrate  acceleration 
amplitude  as  a  function  of  frequency. 


3.1  Methods  of  frequency  analysis 
Oigital  Analysis 

The  rapid  development  of  digital  techniques  can  not  be  explained  solely  by 
the  constant  falling  price  of  diqitai  components.  The  advantages  of  digital 
techniques  over  analog  techniques  are  mainly  in  the  area  of  larqe  dynamic 
ranqe,  very  qood  stability  and  linearity  and  linear  averaging.  The  digital  technique 
is  suitable  for  the  storaqe  of  spectra  for  later  comparison  and  for  the  transfer 
of  data  to  external  machines  like  computers. 

Two  qroups  of  digital  parallel  analysers  are  in  use: 

-  Digital  Filters 

-  Fast  Fourier  Transform  (FFT) 

Digital  F  liters 

Diqitai  filtering  is  the  best  method  for  constant  percentage  band  with  analysis 
on  a  loqarithmic  frequency  scale.  Digital  filters  are  used  for  octave,  1/3  octave 
or  1/12  octave  analysis.  The  relevant  recommendations  and  standards  (ISO, 

VDI,  QNORM)  demand  a  frequency  analysis  not  exeedinq  1/3  octave  band.  Therefore 
a  diqitai  filter  analyzer  is  practicable  for  analyzing  random  vibrations  with 
reqard  to  the  effect  on  the  human  body.  The  fact  that  diqitai  filters  work  up 
to  the  ranqe  of  20  kHz,  one  decade  hiqher  than  FFT  systems  is  for  the  analysis 
of  vehicle  vibrations  of  no  importance. 
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Fast  Fourier  Transform  (mi 

The  signal  coming  from  the  acceleration  senser  via  amplifier  and  recorder 
is  a  random  curve  and  a  function  of  time.  There  ia  a  need  to  determine  the 
frequency  components,  which  usually  can  be  performed  by  Fourier  techniques. 
It  will  be  useful  to  show  the  various  forms  of  Fourier  Transform. 


1.  Integral  Transform 

is  the  ideal  form  but  only  applicable  with  continous  signals.  A  continoua 
time  siqnal  q(0  extending  over  all  time,  -••<  t  <  ♦a«can  be  transfered 
into  a  continoua  frequency  spectrum  extending  also  over  all  frequencies 
■  oo  <  f  <  ♦  o»by  the  following  furmula 


Gif) 


g(t  )e 


•'Vw  ft 


dt 


M) 


Then  it  can  be  shown  that  the  inverse  function  is 

oo  (2) 

g(t)=f  G(f)e  '■*"  df 
J  -<c 

This  method  is  not  usable  for  the  irregular  curves  we  have  in  vehicle  vibrations. 


F ourier  series 


This  a  well  known  method  described  in  many  mathmaticsbooks  and  is  useful 
and  practicable  for  periodic  time  signals.  One  period  can  be  compared 
between  -T  and  *T  of  sine  components  in  that  form 

1  r  r  oo  (3) 

G(V  T JJ  gltj'^dt  ;  *<0-1^  G(fk)e'^fc  W 

In  this  case  a  periodic  and  continous  signal  ia  transformed  into  a  sampled 
'discrete'  frequency  apectrum. 


3.  Sampled  function 


is  the  opposite  of  case  2.  The  sampled  signals  of  time  are  transformed 
into  a  continous  form 


r  .  c  ,  .  -'Inttr, 

G  (  f  )  •  2  g(t  )e 

n  m  -oo 


w'rJZ 


(3) 

(6) 


4.  Discrete  Fourier  Transfer 


The  most  FF  T-analysers  work  on  the  principle  of  the  so  called  "Discrete 
Fourier  Transform"  DFT.  This  means  that  both  time  and  frequency  domain 
are  indiscrete  -sampled.  Strictly  speakinq  the  FFT  is  not  really  a  classic 
Fourier  transform  is  rather  a  calculating  schema. 
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T hr  DisrrPte  Fourier  Transform  rn n  be  shown  in  the  form  of  the  FFT- 
alqBrithm 


r.(fk) 


] 
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,  )e  n 
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gin- 1 
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Thp  numbpr  JN'  of  the  samples  is  the  samp  in  |hp  frequency  and  time  rtomain. 
Of  T  applies  to  discrete  and  periodic  time  siqnals,  therefore  the  frequency 
spectrum  is  also  periodic  and  discrete.  Dwinq  to  this  periodicity  only  a 
finite  number  are  needed  for  the  calculation. 

In  contrast  to  the  traditional  analysis  where  the  siqnals  are  continously 
processed  the  DPT  stores  the  data  of  the  time  samples  in  a  diqital  memory, 
and  when  this  is  full  the  whole  memory  is  transformed  into  the  frequency 
domain  as  one  block. 

The  principle  of  this  schema  is  described  clearly  in  /V. 


4.  ST  ANDAPDS  AND  RF  f'OMME NDAT1DNS 


4.1  Pqual  sensation  curves 

The  first  attempts  to  investigate  the  influence  of  mechanical  vibrations  were 
carried  out  hv  A.  Mallock  about  1900  when  residents  near  Hyde  Park  complained 
about  underqround  shocks.  He  discovered  a  relationship  between  frequency 
and  acceleration  and  determined  that  vibrations  of  low  frequencies  of  about 
IS  Hr  are  more  unpleasant  than  those  hiqher  frequency  ranqes. 

Since  1900  many  investiqators  have  attempted  to  measure  the  subjective 

reaction  to  objective  measurable  vibrations.  Though  the  results  vary  in  some 
cases  they  coincide  in  the  fact  that  the  subjective  sensivitv  is  a  function  of 
frequency.  One  problem  is  that  the  human  reaction  to  whole  body  vibrations 
differs  from  person  to  person  and  that  human  beinqs  cannot  remember  thp 
intensity  of  vibrations 
very  well. 

Although  research  done  m  the  field  of  equal  sensation  curves  is  based  on  different 
methods,  four  principle  experimental  procedures  can  be  seen. 


Verbal  description: 

T t>e  test  sub|ect  is  asked  to  indicate  when  he  feels  that  a  constantly  increasing 
smsusoidal  vibration  of  a  certain  frequency  has  reached  a  level  which  is  described 
for  example  as  "perceptable"  "comfortable”  "tolerable"  or  "very  uncomfortable" 
“uncomfortable"  "mildly  uncomfortable"  "noticeable,  but  not  uncomfortable" 

...  1  for  example  Parks  and  Snyder  1961,  Phaney  1964/6S,  Fotherqill  Br»d  P.riffin 
'.977'. 
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'  nmparisnn  mpthod 

A  "standard"  sinusoidal  vibration  stimulus  of  a  certain  frequency  and  acceleration 
15  presented  to  the  suh|ect.  After  a  abort  pause  tbp  frequency  is  changed  and 
tup  aub|ert  is  required  to  indicate  when  tbe  vibration  appears  equal  in  sensation 
to  tbe  standard  'for  example  Asbley  1970,  Shoenberg  and  Harris  1971,  Dupuis 
1 9bn  .  'iie.'Wmann's  researches  conducted  in  this  manner  was  the  basis  for  the 
first  Vf  1| -recommandat ions  in  19hT. 


n  at  mg  method 

The  rating  method  merges  the  two  methods  described  above.  In  this  case  the 
test  suh|ect  has  to  present  his  subjective  perception  in  a  10  cm  long  rating 
line.  Tr«.  scale  is  marked  on  both  ends:  one  pnd  with  "O'1  representing  "smooth" 
and  the  other  with  "10"  representing  "rough".  The  subjects  were  exposed  to 
a  number  of  sinusoidal  stimuli  of  a  certain  frequency  and  acceleration.  They 
were  asked  to  evaluate  each  stimulus  independently  without  comparing  the 
stimuli  with  each  other  TThorne  and  Clarke  19741. 


**"  sowZI  ni—  OaSann  SCWrtw 


vat  soar 


Mafwascy  BaunOay  Ouputo  OsSamtlCMa 


va  w 


Fig.  7 

Fqual  sensation 
curve  comparison 
between  the 
standard  and 
different  research 
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Relative  intensity  estimation  method 

The  test  persons  are  subjected  to  a  pair  of  sinusoidal  vibration  stimuli  of  the 
same  frequency.  The  second  stimulus  is  the  more  intensive  than  the  first.  The 
subjects  are  required  to  evaluate  the  relative  intensities  of  the  two  stimuli 
(Jones  and  Saunders  1974). 

Althouqh  the  results  of  different  researchers  do  not  coincide  exactly,  the  principal 
shape  of  the  curves  of  equal  sensation  is  nevertheless  similar.  It  was  determined 
that  in  the  ranqe  of  low  frequencies  (lower  than  B  or  10  Hz)  the  intensity  of 
sensation  is  qreater  than  in  the  ranqe  of  hiqh  frequencies. 

The  equal  comfort  curves  presented  in  the  ISO  and  VDI-  standards  are  useful 
for  calculation  hut  they  do  not  accurately  reflect  human  impressions  of  sinusoidal 
vihrat ions. 

Studies  by  H.  Dupuis,  Osborne  A  Clarke  (shown  in  Fiq.  7)  and  Jones  A  Saunders 
for  example  reached  conclusions  which  differ  from  the  ISO/VDI-standards. 


4.2  Standards  and  recommendations 

Since  the  purpose  of  this  paper  is  to  assess  the  effects  of  mechanical  vibrations 
on  the  crew  members  of  cross  country  vehicles,  only  those  elements  of  the 
respective  standards  and  recommendations  pertaininq  to  sittinq  subjects  in 
vertical  direction  fz-axes)  are  discussed.  The  vibration  level  indicated  in  the 
criteria  curves  are  qiven  in  terms  of  RMS  (root-mean-square). 

The  first  international  quide  line  in  the  field  of  vibration  assessment  was  published 
hy  the  Herman  "Verein  Deutscher  Inqenieure"  VDI  (Society  of  Herman  F  nqineers) 
m  196V  This  VDI  20S7  recommendation  is  based  on  DiecUmann’s  research  carried 
out  at  the  Max-Planck-Institute  in  Dortmund.  Invest iqat ions  of  the  late  sixties 
and  seventies  came  to  the  conclusion  that  biochemical  and  physinloqical  reactions 
as  well  as  the  effects  of  vibration  on  proficiency  boundary  and  health  must 
also  be  considered. 


ISO-Standards 

Results  of  this  research  enabled  the  ISO  (International  Drqanisation  for 
Standardisation),  the  World  Wide  Federation  of  National  Standards  Institutes, 
to  develop  the  ISO-2631  standards. 

The  definitions  and  numerical  values  qiven  in  the  ISO  2631  are  only  valid  in 
the  frequency  ranqe  1  to  BO  Hz.  For  the  assessment  of  mechanical  vibration 
transmitted  from  solid  surface  to  the  human  body  four  physical  factors  should 
he  considered 

-  Intensity  (acceleration  rrns' 

-  Frequency  (1  -  BO  Hz' 

-  Direction 

-  Durat ion  (exposure  timel 

The  fact  that  the  human  body  has  an  increased  sensitivity  to  vertical 
vibrations  m  the  ranqe  4  -  B  Hz  is  reflected  in  the  tolerance  curves  which 
are  represented  as  three  straiqht  lines  in  the  loqarithmic  scales. 
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f  or  the  evaluation  of  human  exposure  to  whole-body  vibration  three  criteria 
can  he  distinguished: 

-  preservation  of  comfort  "reduced  comfort  boundary" 

-  preservation  of  workmq  effineny  "fatique-decreased  proficiency  boundary" 

-  preservation  of  health  or  safety  "exposure  limit". 

f'xreedmq  the  exposure  specified  by  the  curves  pictured  in  F ig.  B  will  in  most 
situations  pause  noticeable  fatique  and  decreased  job  proficiency  in  most  tasks. 
The  degree  of  task  interference  depends  on  the  subject  and  the  complexity 
of  the  task.  In  the  case  of  driving  a  vehicle  in  an  off-road-situation  there  is 
every  reason  to  believe  that  the  degree  of  complexity  is  very  high. 

These  criteria  are  intended  only  for  average  people  considered  fit  for  normal 
livmq  routines  and  the  stress  of  an  average  workinq  day.  For  "reduced  comfort 
boundary",  the  acceleration  values  are  divided  by  3,15  (10  dB  lower)  and  for 
"exposure  limits"  the  values  are  to  be  multiplied  by  2  (6  db  higher). 


F  iq.  4 

ISO-2631 
Fqual  sensation 
curves.  Vertical 
vibration  exposure 
criteria  curves 
defining  equal 
"fatique-decreased 
proficiency 
boundaries  for  a 
sitting  person 


VD1  -Recommendation 

The  tolerance  curves  presented  in  ISO  2631  provided  the  impetus  to  revise 
VOI  20*17.  The  latest  version  (1979)  adopted  the  principle  shape  (three 
straight  lines)  from  ISO  2631  but  kept  up  the  K-value  for  the  assessment 
of  the  degree  of  sensation  perreived  by  human  beings. 
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As  the  K -curves  are  three  straiqht  lines  in  the  Inqarithmic  scale,  three  formula 
in  the  corresponding  frequency  ranqes  must  he  qiven. 

K7  (K-value  in  Z-direction): 

l<f<4H?  K?  =  lO.a^f”  (9) 

4sf&8Hr  K7  =  20.8 

8sf  <80  Hr  K7  =  160.a/f 

In  the  followinq  tabulation  the  correlation  between  measured  K-vaiue  (object 
degree  of  sensation)  and  subjective  perception  is  given. 


Table  5  Correlation  between  "K-value"  and  subjective  perception 


K-value 

Subjective  perception 

<0,1 

not  perceptible 

little  perception 

1  ft 

normal  perception 

*  *  ® 

ft  1 

greater  perception 

maximum  perception 

for  random  or  distributed  vibrations  a  method  to  calculate  the  K-value 
is  qiven.  The  K-values  of  every  range  of  a  narrowband  or  a  third-octave 
analysis  can  be  calculated. 

The  total  K-value  IK  )  is  the  root  of  the  sum  of  the  squared  partial 
v -values  IK  )  ° 

i 

(10) 

k-Vv*k22- 


The  two  standards  VDI  2057  and  ISO  2651  are  based  on  different  philosophies 
but  reach  the  same  conclusion.  Tor  studies  which  compare  vehicles 
in  differing  environmental  conditions  the  VDI  2057  is  mi  -e  practicable. 

Tor  investigation  in.  ;  protection  of  the  human  body  aqainst  occupational 
disease  the  ISO  2651  should  be  used. 
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3.  EXPERIMENTAL  METHODOLOGY 


S.l  The  test  vehicles 

Eield  test  were  carried  out  at  aarmy  traininq  area,  about  20  km  southeast 
of  Vienna.  Two  5  ton  4x4  military  trucks  and  two  armoured  vehicles,  one  wheeled 
and  the  other  tracked,  were  available.  For  the  determination  of  the  influence 
of  speed,  terrain  and  the  sitting  position,  all  4  vehicles  were  used.  The  companion 
tests  between  diagonal  and  radial  tires  were  conducted  on  vehicle  A  and  B. 

The  influence  of  tire  size  could  be  demonstrated  on  the  armoured  vehicle  C. 

For  the  companion  of  the  suspension  systems  of  tracked  and  wheeled  vehicles 
model  C  and  D  were  used. 


Table  3  Specification  of  the  vehicles 


Nodal 

A 

B 

C 

D 

Engine  povar 

kw 

ss 

130 

2)6 

200 

Top  spaad 

k»/h 

•  0 
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6) 

Ovarall  haight 
(Mull) 

- 

2*70 

2813 

27)0 

<1960) 

-*  K* 

a* 

O  -J 

o  o 

Ovarall  langHi 

<»uin 

mm 

6370 

6610 

83)6 

<69001 

6240 

<6870) 

Ov«r»ll  width 

apt 

2400 

24  36 

2600 

2600 

Nat  valght 

ton 

7.6 

6.S 

16 

13 

Whaal  basa/  nr 

Track  contact  lenght 

3  700 

3800 

2800/ 

1400 

3192 

Traad  width 

- 

1810/ 

1670 

mo 

2070 

2120 

Numbax  of  tlra 

6 

4 

6 

- 

Tire  nza 

* . 00820 
9.00-20 

14,6820 

14  8  20 

13  A  20 

* 

Suspanaion  Syatan 

Algid  axlaa 
lpaf  firing 

Algid  ax las 
baaf  wptun 

ii 

l&rsian 

bar 

Vehicle  B  is  a  prototype  and  was  designed  and  built  between  1981  -  1983. 
Vehicle  B  is  nearly  20  years  old  and  of  conventional  construction.  The 
principle  variables  influencing  ride  comfort  are  tire  size,  wheel  number 
(the  rear  axle  of  Vehicle  A  has  twin  wheels)  and  spring  characteristics. 

Though  both  vehicles  are  supplied  with  leave  springs,  the  spring  characteristic 
lines  and  the  construction  features  are  quite  different. 


426 


Vehicle*  A  has  the  classic  leave  sprinq  construction  with  closely  packed  spring 
leaves,  11  on  the  front  axle  and  14  on  the  rear  axle.  Hence  a  considerable  internal 
friction  with  dampinq  function  occurs.  The  static  spring  constant  for  the  front 
axle  sprinq  is  -  1 33  N/mm  and  for  the  rear  axle  aprinq  it  is  -  228  N/mm. 

Vehicle  B  has  the  so-called  "Parabola  Leave  Spring'’  with  parabolic  premolded 
leaves,  3  on  the  front  axle  and  4  on  the  rear  axle.  In  order  to  reduce  internal 
friction  4  mm  spacers  are  fastened  between  the  single  spring  leaves.  The  static 
sprinq  constant  for  front  axle  spring  is  s  129  N/mm  and  -  160  N/mm 
for  the  rear  axle  spring.  —  — 

The  smooth  character  of  the  Parabola  Leave  Spring"  increases  under  dynamic 
conditions.  While  the  ratio  between  C_  and  C  .  (dynamic  sprinq  constant) 
is  about  4  the  parabola  leave  spring,  ifincreases'io  20  on  the  conventional 
spring  typ. 


5.2  equipment  end  experimental  procedure 

The  accelerations  were  measured  at  4  paints  by  Piezoquarth  accelerometers 
Briiel  A  Kjaer  8302.  Tor  the  tests  with  the  trucks  one  acceleration  sensor  was 
placed  at  the  driver's  seat  inserted  in  a  seat  transducer.  The  other  sensors 
were  screwed  to  the  wooden  bench  on  the  loading  apace  to  simulate  the  vibration 
impact  to  persons  sitting  in  the  front,  in  the  middle  and  in  the  rear  position. 

The  experiments  on  the  armoured  vehicles  were  carried  out  in  a  similar  manner. 
Tor  the  calculation  of  the  transmissibility,  which  is  defined  as  the  ratio  of 
the  amplitude  of  sinusoidal  vibration  to  the  seat  sonaor,  a  second  accelerator 
was  fixed  at  the  bottom  of  the  driver  compartment. 

The  third  accelerator  was  mounted  at  the  commander-seat  in  the  turret  and 
the  fourth  sensor,  in  order  to  measure  the  ride  comfort  of  one  of  the  other 
crew  members,  was  attached  on  a  seat  in  the  crew  compartment. 

The  signals  cominq  from  the  accelerators  are  amplified  in  a  BrOel  A  Kjaer 
amplifier  Typ  2633  and  stored  in  the  Tape  Recorder  7003.  The  amplifier  and 
tape  recorder  were  placed  in  the  cabin  and  were  controlled  by  the  assistant- 
driver. 

The  vibration  signals  stored  at  the  Tape  Recorder  7003  were  analysed  by  the 
narrow  band  FFT  analyser  Bruel  A  Kjaer  2033.  This  FFT  analyser  sampled  the 
input  signals  and  converted  each  signal  info  digital  form.  The  sampi  were  collected 
in  data  blocks,  and  each  data  block  was  converted  into  the  frequency  domain 
by  Fourier  transformations. 

The  analyser  was  used  in  the  range  1  -  10  Hz.  The  reault  of  the  FFT-analysi* 
was  a  transfer  function  shown  on  a  monitor  acreen.  The  frequency  acale  was 
displayed  linearly,  while  the  acceleration  was  shown  alternatively  on  a  linear 
or  logarithmic  scale.  The  2033  FFT-anelyser  operated  by  sampling  the  input- 
signal  and  converting  each  sample  into  digital  form. 

The  samples  were  then  collected  into  data  blocks.  These  data  blocks  were 
transformed  by  FFT  into  the  frequency  domain.  A  400  line  spectrum  covers 
the  chosen  frequency  0-100  Hz,  hence,  the  line  spacing 
f  *  100  Hz/400  r  0,25  Hz. 
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Fig.  10 
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At  the  outset  computer  program  (BASIC)  of  the  Micro  computer  system  MINC- 
1 1  recorded  the  RMS  acceleration  values  of  the  0,2S  Hz  steps  coming  directly 
from  FFT-analyser.  The  FFT-analysis  was  also  seen  on  the  monitor  screen 
of  the  computer  terminal.  For  each  acceleration  value  in  the  three  frequency 
ranqes  0  to  4  Hz,  4,2S  Hz  -  8  Hz,  8,25  Hz  -  80  Hz  according  to  formula  (  9) 
the  Ki  values  were  computed.  In  a  second  step  these  Ki-values  were  then  squared, 
and  added.  The  root  of  the  sum  is  the  K-valuc. 

Immediately  after  the  calculation  was  completed  the  K-value  appeared  on 
the  screen.  The  output  was: 

-  Accelerat lon/Frequency-plot  shown  in  Fig.  u 

-  one  page  summary  of  acceleration  values  of  the  0,2S  Hz  intervals 
plus  K-Value 

-  summary  of  k'-values  of  a  test  serie 


Fiq:  8  Acceleration  -  Frequency  plot 


•>.2  Test  results 

All  tests  were  carried  out  in  the  following  three  surface  situations 

I  ....  Concrete  road  way 

II  ...  paved  street  with  road  holes  and  an  irregularly  distributed  surface. 

The  paving  stones  had  a  sire  of  80  mm  x  80  mm 

III  ..  plain  lawn  covered  gras 


Influence  of  sitting  position 

It  is  found  that  the  distribution  of  the  K-values  to  the  several  sitting  positions 
was  specific  for  every  vehicle  even  under  varying  environmental  conditions. 

In  the  following  table  the  ride  comfort  for  the  several  sitting  positions 
of  the  four  vehicles  is  presented. 

Position  1:  rear  seat 

Position  2:  front  seat  of  the  loading  space /commander  seat 
Position  T;  seat  mount  of  the  driver  seat 
Position  driver  seat 
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I  ah  In  4  ‘trip  comfort  depending  on  sitting  position 


Vphicf* 

A 

?  4 

1 

n 

4 

?  1 

f  ' 

u 

5  ? 

1 

p 

u 

?  1 

T 

f  »ept  for  vehicle  A  the  driver  is  in  the  best  situation.  The  reason 
is  ttiat  vehicle  A  has  an  old  seat  construction.  An  example  of  a  modern 
vibration  damping  seat  suspension  can  he  seen  in  vehicle  B,  where 
the  inadequate  seat  mount  inq  is  compensated  by  the  seat. 

In  all  four  vehicles  it  is  clear  that  individuals  sitting  in  the  rear  are 

alwavs  subject  to  greater  shock  and  stress  and  the  S  should  be 

lower  than  S,  ,  for  that  seat, 
tol 

Influence  of  speed 

F or  all  vehicles  and  in  all  varyinq  situations  the  K-value  increased 
with  speed.  This  typical  tendency,  both  typical  and  expected,  can 
he  seen  in  the  figure  below  where  the  "K-value"/speed  dependence 
for  the  several  sittinq  positions  in  the  three  surface  situations  for 
vehicle  A  is  plotted 


430 


Influence  of  terrain 


Fig  10  Vehicle  A  variinq  speed  and  terrain 


The  principle  result  that  the  K-values  increase  with  increasing  terrain 
roughness  is  in  accordance  with  theoretical  considerations.  It  is  of  interest 
to  note  that  results  pertaining  to  difference  between  roadway  and  paved 
street  is  hiqher  that  between  paved  road  and  off  road  terrain.  Hence  with 
regard  to  ride  comfort,  bad  raod  conditions  are  similar  to  terrain  condition. 


Influence  of  spring  system 

The  differences  in  the  sprinq  system  of  vehicle  A  and  B  are  described  in 
5.1.  In  the  following  table  it  is  clear  that  the  spring  system  has  an  important 
influence  on  the  ride  vomofrt  of  wheeled  vehicles.  For  each  member  of 
the  crew,  in  all  terrain  situations  and  in  all  speed  ranges,  the  K-values 
are  considerably  higher  for  vehicle  A  compared  with  vehicle  B. 


Table  5  K-values  of  the  driver's  seat  of  vehicle  A  and  B 


Speed 

Terrain  I 

Terrain  II 

Terrain  III 

km/h 

A 

B 

A 

B 

A 

B 

10 

— 

— 

37 

29 

15 

- 

- 

22 

30 

43 

27 

25 

15 

9 

29 

30 

65 

51 

37 

19 

10 

39 

37 

69 

65 

50 

23 

1  7 

59 

43 

80 

69 

65 

21 

15 

64 

59 

- 

- 

80 

30 

16 

104 

71 

- 
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Influence  (if  t itp  pressure,  tire  I ypp  nnd  t itp  m re 

Thp  vphirlp  itsplf  ran  alio  hp  ippo  an  a  system  of  masses,  springs,  and 
dampers.  Thp  tirp  is  oop  of  thp  sprinqs  of  thp  system  anrl  a  variation  in 
inflation  prpssnrp  or  the  usp  of  diagonal  tires  instpad  of  radial  tire3  should 
have  an  mflupnrp  on  thp  ridp  comfort.  Rut  thp  test  results  showed  that 
thpsp  factors  are  of  minor  influence.  The  same  result  was  found  when 
vphirlp  r  was  provided  with  tires  of  a  smaller  sire.  Thp  differences  in 
thp  K -values  had  no  distinguishable  tendencies  and  were  in  the  ranqp  of 
inaccuracy  of  measurement. 


r omparisoo  between  a  wheeled  and  a  tracked  vehicle 


The  figure  above  shows  clearly  that  the  wheeled  vehicle  has  better  ride 
comfort  on  a  natural  road  (i)  and  under  poor  road  conditions  (II).  On  the 
grass  covered  lawn  (III)  the  tracked  vehicle  had  the  lower  K-values.  The 
reason  may  be  that  the  suspension  system  of  a  wheeled  version  has  the 
better  dampinq  characteristics  when  the  wave  lenqth  of  the  surface  roughness 
is  short.  In  cases  of  lonqer  waves  the  tracked  system  has  better  accomodation 
facilities. 


oncludinq  remarks 

The  main  factor  which  can  he  influenced  by  the  user  of  a  vehicle  systprn 
is  the  speed.  Other  factors  are  spring  system  and  seat  construction  which 
can  be  altered  by  the  desiqner.  These  components  should  also  be  considered 
in  vehicle  tests.  Tor  the  transportation  of  casualties  in  vehicles  the  best 
location  for  the  patients  can  be  found  by  determining  with  the  method 
described  in  this  paper.  That  the  tire  characteristics  have  such  a  minor 
influence  was  one  of  the  unexpected  results  of  these  tests. 

The  author  will  continue  the  test  series  with  other  cross  country  vehicles 
in  order  to  measure  and  asspss  the  vibrations  in  the  three  axes  of  the  coordinate 
system.  It  is  hoped  that  a  relationship  between  defined  terrain  roughness 
and  K-value  will  he  found. 


432 


Ri  (  f  Rl  NO  S 


'1/  VD1  2057  Bptirteilunq  rtpr  Finwirkunq  mechanischer  Schwinqunqen  suf 
den  Mprischen  Dktobpr  1963 

i'2:  VOI  2057  Beurteilunq  tier  Finwirkunq  mechanischer  Schwinqunqen  a«jf 
ilpn  Mpnsrhpn.  Fphruar  lq75/Mai  19R1 

,'V  ISP  2M1  C.uide  for  thp  evaluation  of  human  pxpoaure  to  whole-body  vibration. 
Sproor)  prtit  ion- )  978-0)  -1 5 

/ ti /  DNDRM  S9010  Bewertunq  der  Finwirkunq  mechanischer  Schwinqunqen 
unri  F  rsrhiitterunqpn  auf  den  Menachen 

/5/  Diqital  SiqnBl  Analysis  Selected  Reprints  from  Technical  Review  Bruel 
A  Kjaer 

!(>!  Notes  taken  at  a  seminar  conducted  by  Rriiel  A  Kjaer  on  shock  and  vibrations 
1982. 

HI  FUT7PWJ.:  Human  Factors  Wehrtechnische  Monatshefte  1967  S  382-387 

fR/  LAMM!  RT?  R.  und  SCHNAUBFR  H.:  I Jntersuchunqen  zur  Schwinqungsbelaatunq 
des  Menachen  und  Auawertunq  der  Mefldaten  mit  ProzeOrechrter.  Stahl 
und  Fiaen  96  (1976)  Nr.  25/26  S  1345-1346 

,/9 /  COFRMANN  R.:  Die  Wirkunq  mechanischer  Schwinqunqen  auf  den  Menachen 
und  seine  Arbeitsleistunq.  Werkstattechnik  52.  Jahrqanq  1962,  Heft  1, 

S  18-25 

/10/MATTHFWS  The  Measurement  of  Tractor  Ride  Comfort  SAF -paper  730  795 

/1 1/  DUPUIS  H.;  Arbeitamedizinische  Unterauchungen  der  Schwinqungseinwirkunq 
auf  WirbelaSule  und  Maqen  bei  Kraftfahrern.  11.  Internet ionaler 
automobiltechniacher  KongreO  1966. 

/12/rX)PUIS  H.:  Stand  der  arbeitamedizinischen  Bewertunq  mechanlacher 
Schwinqunqen  am  Arbeitaplatz.  Arbeitamedizin  Heft  10  S  236-243 

/I  3/  DtIPt  IIS  H.  und  andere:  Vergleich  reqelloaer  Schwinqunqen  einea  beqrenzten 
Frequenzbereichea  mit  sinuafdrmiqen  Schwinqunqen  hinaichtlich  der 
Finwirkung  auf  den  Menachen.  Frgonomica,  1972,  Vol.  15,  No.  3,  S  237-265 

/] 4/  JONFS  A.J.  A  SAUNDFRS  D.J.:  A  Scale  of  Human  Reaction  to  Whole  Body, 
vertical,  Sinusoidal  Vibration.  Journal  of  Sound  end  Vibration  (1974) 

35  (4)  503-520 

/15/DBORNF  D.J.  and  CLARKF  M.J.:  The  Daterminat ion  of  Fquel  Comfort 
7ones  for  Whole-body.  Vibration  Frqonomics,  1974,  Vol.  17,  No.  6, 

769-782 

/)6/ DUPUIS  H.:  7ur  phyatoloqiachen  Beanapruchunq  rlea  Menachen  durcb  mechaniach 
Schwinqunqen  VDI-Forachunqaberichte 


AD-P004  280 


433 


1 


\ 


FURTHER  lH'VKl.i il’MKNT  IN  RIDE  (jUAt.ITY  ASSESSMENT 


NKWK1.1.  S.  MURPHY,  .!K. 

S.  ARMY’  ENGINEER  WATERWAYS  EXPERIMENT  STATION,  V I CKSHURG ,  MISSISSIPPI 


r 

t 


1 


INTRODUCTION 

! iiti'rnat  Iona  1  lv ,  a  growing  concern  has  developed  and  widespread  disagree¬ 
ment  has  occurred  over  the  present  methods  for  quantitatively  describing 
and  assessing  the  effects  of  vehicle  vibrations  on  humans,  and  over  the 
short-  and  the  long-term  effects  of  vibrations  on  drl  ,s  and  occupants  of 
heaw  trucks,  agricultural  and  earthooving  equipment,  and  military  ve¬ 
hicles.  None  of  the  present  methods  is  completely  satisfactory;  in  fact, 
most  criteria  were  developed  for  low-level  "boulevard"  rides  and  are 
highly  suspect  when  applied  to  the  severe  vibrational  levels  encountered 
In  carthmovlng  and  ml  1 1  tarv-t vpe  operations. 

Todav  two  predominant  methods  are  used  bv  the  military  to  describe  the 
effects  of  vehicle  vibrations  and  human  response:  the  absorbed  power 
method  (used  largely  in  the  United  States)  and  the  International  Standards 
"tganization  (ISO)  method  (used  extensively  throughout  European  countries 
is  well  as  In  the  United  States).  The  two  methods  are  similar  in  that 
both  use  frequency-weighted  acce lerat ions  corresponding  to  human  sensi¬ 
tivity  to  arrive  at  a  single  number  which  describes  Che  vibration  inten¬ 
sity.  Portable  ride  meters  have  been  developed  to  provide  expedient  field 
measurements  of  both  absorbed  power  and  the  ISO  accelerations. 

in  1978,  a  NATO  working  group  on  mobility  (NATO  AC/225  (Panel  It  Working 
roup  I))  composed  of  representatives  from  the  United  States,  Canada, 
Prance,  the  Federal  Republic  of  Germany,  the  Netherlands,  and  the  United 
Kingdom  adopted  the  Army  Mobility  Model  (AMM)  and  Its  supporting  absorbed 
power  procedures  for  determining  rlde-limltlng  speeds  for  use  in  the  model 
as  comparison  tools  to  provide  a  standardized  reference  for  determining 
vehicle  mobility  performance.  The  AMM  is  also  called  the  NATO  Reference 
Mobility  Model  (NKMM) .  The  use  of  absorbed  power  over  the  ISO  method  to 
describe  effects  of  vehicle  vibrations  has  caused  resistance  and  concern, 
particularly  among  the  European  participants.  The  United  States  military 
and  its  NATO  partners  need  agreed-upon,  accepted  standards  to  describe  the 
various  aspects  of  ride  quality  in  meaningful  terras  for  defining  the 
vibrational  effects  on  human  health,  safety,  and  performance  of  military 
t  asks . 


WHY  ABSORBED  POWER? 


in  19b8,  personnel  In  the  Mobility  Systems  Division  at  the  Waterways  Ex¬ 
periment  Station  (WES),  in  conjunction  with  the  formulation  and  develop 
mont  of  the  components  of  the  AMM,  embarked  on  a  comprehensive  ride 
dynamics  research  and  development  program.  The  principal  objective  of  the 
ride  dynamics  program  was  to  develop  a  means  for  predicting  r ide- 1 imi t lng 
speeds  of  vehicles  as  a  function  of  terrain  roughness.  This  objective 
required  a  quantitative  measure  of  vehicle  vibration  that  related  to  human 
•k  eeptanre  of  the  vibration  and  response  to  vibration.  WF.S  decided  to 
adopt  a  promising  measure  called  absorbed  power.  This  absorbed  power 
quantity,  purported  to  be  a  measure  of  the  rate  at  which  vibrational 
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energy  is  absorbed  by  a  typical  human,  had  been  dove  loped  only  recently  at 
tlie  I'.  S.  Army  Tank- Ant onrnt  i ve  Command  as  a  result  of  a  comprehensive, 

,  lose  1  v  controlled  laboratory  program  (Uradko.  I.ee,  and  Kaluza  1966).  An 
at  1 1  a>  five  feature  of  absorbed  power  Is  that  it  Is  conceptually  a  scalar 
quantity  and  the  resultant  response  of  vertical  and  horizontal  vibrations 
.an  he  determined  by  directly  summing  the  absorbed  power  In  each  component 

Since  1968,  the  WKS  lias  condticted  numerous  field  tests  with  virtually 
every  type  of  wheeled  and  tracked  vehicle  in  terrains  throughout  the 
world.  The  absorbed  power  quantity  has  worked  well  in  fulfilling  the 
principal  objective  of  describing  r ide- 1 Iml t Ing  speeds.  A  criterion  of  6 
watts  of  absorbed  power  waa  chosen  as  an  upper  bound  of  vibration  that 
will  permit  crew  members  to  effectively  perform  their  tasks.  Test  results 
revealed  thac  beyond  the  6-watt  level,  a  vehicle  occupant  can  do  little 
else  except  hold  tight.  Results  have  also  shown  that  highly  competitive 
drivers  and  crew  members  will  accept  absorbed  power  levels  regularly 
ranging  up  to  10,  20,  or  more  watts  for  periods  up  to  10  or  12  minutes 
(Berry  1975).  The  same  tests  showed  that  these  high  absorbed  power  condi- 
tlons  frequently  caused  minor  injuries  and  bruises  and  often  produced 
severe  vehicle  damage  and  a  high  risk  of  accidents  and  cargo  damage. 

Thus,  It  is  recognized  that  the  6-watt  absorbed  power  level  Is  not  an 
absolute  human  tolerance  limit  to  vehicle  vibration  and  that  crew  members 
will,  if  necessary,  accept  considerably  higher  absorbed  power  levels  at 
the  risk  of  Injury  and  vehicle  and  cargo  damage.  A  broader  range  of  teBt 
results  has  shown,  however,  that  quite  often  only  a  small  Increase  In 
speed  can  be  attained  at  15  or  20  watts  over  that  at  6  watts,  because  the 
6-watt  absorbed  power  levels  usually  occur  when  the  vehicle's  suspension 
begins  "bottoming  out"  and  producing  discrete  shock  loads.  Slight  in¬ 
creases  in  speed  beyond  thla  point  significantly  Increase  the  intensity 
and  frequency  of  these  shock  loads,  which  In  turn  rapidly  Increase  the 
absorbed  power  levels.  These  high  absorbed  power  conditions  are  not 
considered  to  be  an  effective  or  meaningful  measure  of  basic  ride  charac¬ 
teristics.  While  the  use  of  ride  speed  limits  based  on  higher  absorbed 
power  levels  will  increase  projected  vehicle  speeds  In  Isolated  terrain 
situations,  the  overall  vehicle  performance  throughout  an  area  generally 
will  not  be  materially  Increased,  and  relative  performances  of  two  or  more 
vehicles  In  the  same  area  will  rarely  be  changed. 

THK  ISO  METHOD 

In  1974,  after  a  decade  of  serious  cotmsittee  deliberations,  the  ISO  pub¬ 
lished  a  standard  for  describing  human  response  to  whole-body  vibrations 
that  was  approved  by  19  countries  Including  the  United  States  (ISO  1978). 
The  »V>  standard  defines  numerical  limits  for  exposure  to  vibrations  In 
terms  ot  weighted  root -mean-square  (rms)  accelerations  in  the  frequency 
tange  o)  1  to  80  Hz  according  to  three  criteria  of  increasing  intenslty-- 
preserving  comfort,  working  efficiency,  and  safety  or  health.  These  three 
limits  are  referred  to,  respectively,  as  the  "reduced  comfort  boundary," 
"fatigue-decreased  proficiency  boundary,"  and  the  "exposure  limit  bound¬ 
ary."  The  preferred  method  of  evaluation  is  to  compare  separately  each 
rms  acceleration  level  for  1/3-octave  bands  of  spec' fled  center  frequen¬ 
cies  against  the  recommended  level  at  each  frequency.  This  procedure 
assumes  that  In  regard  to  human  tolerance  there  are  no  significant  Inter¬ 
actions  between  frequencies.  An  alternate  method,  which  appears  to  be  a 
more  accurate  representation  for  complex  vibrations,  sums  the  weighted 
accelerations  to  give  an  overall  rms  level  expressed  by  a  single  quantity 
(Allen  1975).  This  single  quantity  method  led  to  the  development  of 
portable  ride  raetera.  One  such  meter  was  built  In  the  United  States  in 
1978  by  F.ndevco  for  the  Society  of  Automotive  Engineers  (SAK)  Ad  Hoc  Ride 
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Motor  Tusk  Force  In  accordance  with  spec  1  f  lent  Ions  cited  In  ISO  26  11  ond 
'AF  .1101  1.  For  vibrations  occurring  In  more  than  one  axis  s  lmu  1 1  aneous  1  v  , 
each  axis  Is  evaluated  separatelv  and  vectorial lv  summed.  There  has  been 
much  disagreement  over  the  use  of  this  method  and  a  number  of  deficiencies 
have  been  highlighted  bv  Its  critics.  The  most  notable  deficiencies  cited 
are  the  lack  of  empirical  support  In  a  number  of  Important  areas.  In 
particular  the  t Ime-dependencv  relations  on  human  response  (Obsorne  1981). 

because  of  these  disagreements  and  concerns  and  other  unanswered  ques¬ 
tions,  a  (olnt  United  States-Federal  Republic  of  f’.ermany  effort  was  re¬ 
cently  Initiated  to  resolve  these  major  Issues.  As  a  part  of  the  Future 
Armored  Vehicle  Research  (KAVR)  program,  a  Joint  United  States-Federal 
Republic  of  Cormanv  ride  test  and  evaluation  program  Is  scheduled  to  begin 
at  Trier  Proving  Ground  in  May  1984,  with  similar  follow-on  tests  In  the 
United  States.  The  main  emphasis  will  he  to  Jointly  study  and  compare  the 
results  of  the  two  methods. 

Over  the  past  IS  years  of  testing,  WES  has  developed  a  large,  unique  data 
base  containing  detailed  vertical,  horizontal,  and  rotational  acceleration 
measurements,  along  with  the  corresponding  human  subjective  comments  and 
ratings,  terrain  measurements,  and  vehicle  characterlat lea.  These  data 
are  stored  on  analog  FM  magnetic  tape.  As  a  starting  point  for  this 
studv,  selected  vibration  data  representing  a  wide  variety  of  vehicles  and 
terrain  conditions  are  currently  being  reprocessed  to  analyze  and  compare 
relations  produced  by  other  proposed  quantities,  particularly  the  ISO 
standard . 

This  paper  describes  briefly  some  of  the  Initial  results  of  using  only 
vertical  vibration  data  from  recent  testa  with  a  pair  of  wheeled  vehicles 
to  compare  and  evaluate  the  relative  merits  of  the  absorbed  power  and  ISO 
criteria.  Discussions  include  similarities  between  the  two  methods,  the 
relations  (or  lack  of  relations)  between  subjective  ratings  and  the  ab¬ 
sorbed  power  and  ISO  quantities,  some  notable  deficiencies  coimton  to  both, 
and  the  effects  of  psychological  Influence.  F.vldence  Indicating  the 
validity  of  the  6-watt  absorbed  power  level  as  a  reasonable  driver-imposed 
criterion  of  acceptability  Is  presented  along  with  plans  for  future  work. 

COMPARISON  OF  ABSORBED  POWER  AND  ISO  FILTERS 


Human  response  to  vibrations  depends  upon  the  frequency  of  the  vibration. 
C:rvcs  of  constant  comfort  or  equal  perceptions  of  vibrations  as  a  func¬ 
tion  of  frequency  have  been  measured  by  many  investigators.  The  precision 
and  definition  of  these  curves  have  improved  with  the  progressive  improve¬ 
ments  In  equipment  and  measuring  instruments.  Regardless  of  the  Improve¬ 
ments  In  precision,  they  all  present  basically  the  same  characteristic 
trough  shapes.  For  example,  the  keenest  sensitivity  of  a  seated  subject 
exposed  to  vertical  (buttocka-to-head)  vibrations  Is  in  the  range  from  4 
to  8  Hz.  This  range  of  maximum  senaltlvity  is  attributed  to  physical 
resonances  of  body  parts  and  Internal  organs.  Precise  experiments  and 
measurements  Indicate  the  most  sensitive  frequency  of  a  seated  subject  to 
•ertlcal  vibration  occurs  at  about  4 .  S  Hz,  which  Is  the  resonance  of  the 
viscera.  This  critical  resonance  will  vary  somewhat  among  humans  due  to 
differences  In  body  structure.  Most  likely,  the  less  precise  curves  are 
hotter  overall  general  representations  of  human  sensitivity. 

Anv  method  that  purports  to  evaluate  vibrations  in  terms  of  human  sensi¬ 
tivity  must  account  for  this  frequency  dependency.  The  frequency-weighting 
can  he  accomplished  numer leal lv  bv  appropriately  weighting  the  Fourier 
spectra  of  the  vibrations.  The  f roquenc v-wel gh t 1 ng  is  more  readily 
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accomplished  In  the  analog  domain  through  the  use  of  band-pass  filters. 

As  mentioned  previously,  portable  ride  meters  have  been  developed  that 
filter  input  accelerations  and  produce  on-the-spot  measures  of  absorbed 
power  and  ISO  ride  values.  Flguri  1  shows  a  comparison  of  the  absorbed 
power  and  the  SAE/ISO  ride  meter  filters  for  vertical  vibrations.  The 
standard  ISO  frequency-weighting  factors  specified  in  ISO  2631  are  shown 
as  discrete  points.  It  is  seen  that  the  absorbed  power  and  the  ISO 
filters  have  the  same  basic  shape.  The  absorbed  power  filter  peaks  (zero 
attenuation)  at  4.5  Hz,  while  the  SAE/ISO  filter  peaks  at  5.8  Hz.  The 
absorbed  power  filter  is  more  restrictive  because  it  attenuates  (reduces) 
accelerations  more  heavily  at  frequencies  beyond  the  4.5-Hz  peak.  It  is 
also  seen  that  the  curve  representing  the  SAE/ISO  filter  of  the  F.ndevco 
ride  meter  corresponds  very  closely  to  the  discrete  points  representing 
the  standard  ISO  frequency-weighting  factors.  Obviously,  because  of 
these  similarities,  the  respective  quantities  calculated  from  accelera¬ 
tions  processed  by  these  filters  and  frequency-weighting  factors  will 
produce  similar  performance  patterns. 

COMPARISON  OF  ABSORBED  POWER  AND  ISO  RESULTS 


WES  began  its  first  comparison  of  the  absorbed  power  and  the  ISO  methods 
this  past  sunnier  (1983)  as  part  of  a  comprehensive  analysis  to  resolve 
apparent  discrepancies  in  results  obtained  from  ride  tests  with  a  light 
dune  buggy  vehicle.  This  dune  buggy  had  exceptionally  stiff  suspensions 
that  produced  extremely  high  acceleration  and  absorbed  power  levels,  even 
on  relatively  smooth  test  courses.  The  absorbed  power  levels  measured  for 
the  dune  buggy  were  consistently  two  to  three  times  higher  than  those 
measured  on  conventional  vehicles  for  similar  test  conditions.  The  high 
absorbed  power  levels  were  not  the  issue.  The  Issue  that  cauaed  the 
concern  was  that  the  subjective  ratings  of  three  experienced  WES  test 
drivers  consistently  rated  these  unreasonably  high  absorbed  power  levels 
as  acceptable  rides.  Numerous  supplemental  ride  teats  were  conducted  on 
the  same  teat  courses  with  two  additional  vehicles  and  three  drivers  to 
obtain  "head  to  head"  data  for  direct  comparisons.  One  of  the  two  ve¬ 
hicles  was  an  M151  Jeep  which  had  a  gross  weight  and  size  similar  to  that 
of  the  dune  buggy.  The  principal  performance  results  presented  in  this 
paper  are  limited  mainly  to  data  from  representative  tests  with  the  dune 
buggy,  one  reference  vehicle  (an  8x8,  14-ton*  armored  vehicle),  and  one 
driver.  These  relations  are  representative  of  the  relations  obtained  when 
comparing  the  combined  results  of  the  three  vehicles  and  three  drivers. 

Figures  2  and  3  graphically  depict  the  respective  absorbed  power  and  ISO 
ride  meter  results  from  tests  with  the  two  vehicles  on  two  test  courses. 
More  detailed  data  are  presented  In  Table  1.  Figure  2  shows  how  vertical 
absorbed  power  and  ISO  weighted  acceleration  vary  with  speed  for  the  two 
vehicles  on  a  test  course  (course  4)  of  moderate  surface  roughness.  The 


*  U.  S.  customary  units  of  measurement  used  in  thiB  report  may  be  con¬ 
verted  to  metric  (SI)  units  as  follows: 


Multiply 


To  Obtain 


Inches 

miles 

pounds  (force) 
tons  (force) 


2.54 

1.609347 

4.448222 

8896.444 


centimetres 
k 1 lomet  res 
newtons 
newtons 
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e  xposure— 1  Iml  t  time-  Jt-pendem  v  boundaries  represent  ln«  the  ISO  accelcr.i- 
'  ion  limits  (or  the  most  sensitive  frequency  region  (4  to  8  Hz)  of  five 
selected  exposure  t  lmes  ,ire  shown  on  the  plots.  The  drivers'  sublet  t  1  ve 
ratings,  based  on  a  scale  of  Increasing  severity  from  1  to  10,  are  also 
shown  adjacent  to  the  respective  data  points.  The  subjective  rating 
stale  used  at  WES  to  express  the  drivers'  perception  of  ride  quality  is 
given  below: 

Subjective  Index  _ _ _ Perception 


1-2 

Barely  noticeable 

3-4 

Strongly  noticeable 

S-b 

Uncomfortable 

7-8 

Extremely  uncomfortable 

9-10 

Recoumended  limits  (not  willing  to  take 

for  any  sustained  period  of  time) 


Past  experience  Indicates  that  when  WES  drivers  are  allowed  to  drive  at 
their  discretion,  under  guidelines  of  achieving  the  maximum  safe  speed, 
the  subjective  ratings  fall  within  a  range  of  about  6  to  7.  This  indi¬ 
cates  that  ride  conditions  with  subjective  ratings  greater  than  6  or  7  are 
really  conditions  of  stress  levels  beyond  the  criteria  of  acceptability. 

For  both  vehicles  increases  In  speed  produce  corresponding  Increases  in 
absorbed  power  and  ISO  acceleration.  However,  absorbed  power  and  ISO  do 
not  increase  at  the  same  rate.  Also,  for  anv  selected  speed  the  absorbed 
power  and  ISO  acceleration  for  the  dune  buggy  are  about  twice  the  magni¬ 
tudes  of  those  recorded  for  the  8x8  vehicle.  Vet,  the  driver’s  subjective 
ratings  are  consistently  lower  for  the  dune  buggv  at  corresponding  levels 
of  absorbed  power  and  ISO  acceleration.  According  to  the  recommended  ISO 
exposure  limits,  the  results  In  Figure  2  indicate  the  8x8  vehicle  can  be 
driven  over  test  course  4  or  a  course  of  similar  roughness  at  a  speed  of 
20  mph  for  up  to  an  hour  and  can  be  driven  at  speeds  in  excess  of  SO  mph 
for  about  a  half  hour.  These  same  ISO  limits  Indicate  the  dune  buggv  can 
be  driven  at  a  speed  of  20  mph  over  such  a  course  for  only  about  16  or  18 
minutes,  and  at  speeds  bevond  40  mph  the  permissible  ISO  exposure  time  Is 
less  than  one  minute. 

Figure  3  shows  results  similar  to  those  of  Figure  2  except  the  surface 
rc ughness  of  the  test  course  Is  much  more  severe.  The  severity  of  the 
test  course  Is  reflected  by  the  rapid  Increase  in  both  absorbed  power  and 
ISO  acceleration  with  Increases  In  vehicle  speed.  Again,  at  any  selected 
speed  both  the  absorbed  power  and  the  ISO  accelerations  tor  the  dune  buggy 
are  about  twice  the  corresponding  magnitudes  recorded  for  the  8x8  vehicle. 
Also,  the  drivers'  subjective  ride  severity  ratings  are  lower  tor  the  dune 
buggv  at  corresponding  levels  of  absorbed  power  and  ISO  acceleration. 
Noteworthy  are  the  overall  high  subjective  ratings.  This  particular 
driver,  like  the  other  two  WES  test  drivers.  Is  considered  to  be  tit, 
tough,  and  competitive.  As  mentioned  before,  based  upon  their  discretion¬ 
ary  driving  habits,  subjective  ratings  greater  than  about  6  or  !  reflect 
levels  bevond  their  self-imposed  acceptability  criteria.  Figure  )  shows 
that  the  driver's  subjective  ratings  for  both  vehicles  are  largely  in  the 
range  from  1  to  10.  Indicating  that  the  rtde  quality  of  the  majority  of 
the  tests  on  this  course  exceeded  the  driver's  criteria  of  acceptability. 
Subjective  ratings  o(  8  to  10  mean  the  rides  were  exceptionally  tough. 

The  data  In  Table  1  reveal  that  these  tests  ranged  from  a  maximum  duration 
of  about  one  minute  to  a  minimum  of  h  seconds.  Rased  on  combined  con¬ 
sideration  of  the  ISO  recometended  exposure  limits  and  the  high  subjective 
ratings,  it  appears  that  neither  of  the  two  test  vehicles  could  be  driven 
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it  speeds  beyond  about  10  raph  i>n  terrain.*!  with  such  levels  of  surface 
roughness  tor  periods  longer  than  about  half  an  hour. 

SIMILARIT  IKS _  BETWEEN  ABSORBED  POWER  AND  ISO  RESIM  TS 

I  igures  2  and  '  clearly  show  certain  a  ini lar 1 1 lea  in  the  manner  that 
absorbed  p.iwer  and  T SO  acceleration  Increase  with  Increases  in  apeed  as 
well  as  similar  correlations  with  driver  subjective  ratings.  Figure  4 
illustrates  further  correspondence  between  the  two  ride  quality  measures. 
The  two  plots  in  Figure  4  reflect  relations  between  r ide- 1 ial t ing  speeds 
and  terrain  surface  roughness  for  the  dune  buggy  at  three  arbitrarily 
selected  levels  of  absorbed  power  and  ISO  acceleration,  respectively. 

This  limiting  speed  versus  surface  roughness  relation  ia  exactly  the  type 
of  fonoat  required  as  input  to  the  AMH/NWH  to  depict  vehicle  ride  per¬ 
formance  relations.  The  ride  performance  relationships  are  very  similar 
tor  both  the  absorbed  power  and  the  ISO  accelerat Ion  measures.  In  fact, 
the  relation  for  the  20-watt  absorbed  power  level  ia  almost  identical  to 
that  for  the  2S-nlnute  ISO  level  (the  2S-mlnute  exposure  Halt  corresponds 
to  an  ISO  acceleration  level  of  1.6  e/sec*) .  Consequently,  if  ao  desired, 
the  r ide- 1  lmi t  ing  speeds  based  on  the  6-watt  absorbed  pester  level  custom¬ 
arily  used  in  the  Af*1/NRMM  to  describe  ride  performance  could  be  replaced 
with  ride-limiting  speeds  baaed  on  either  a  more  suitable  absorbed  power 
level  or  a  preferred  level  of  ISO  acceleration  or  permissible  exposure 
time.  The  AMM/NRMM  requires  a  limiting  speed-surface  roughness  relation 
to  describe  ride  performance  regardless  of  Che  criteria  used  to  determine 
the  limiting  speeds. 


PSYCHOLOGICAL  IMPLICATIONS 


Human  reaction  to  vibration  Is  a  complicated  dependency  upon  both  physio¬ 
logical  (physical)  and  psychological  (mental)  disturbances.  Neither  ab¬ 
sorbed  power  nor  ISO  acceleration  nor  any  other  measure  of  purely  physical 
motions  can  account  for  the  psychological  effects.  Recalling  the  subjec¬ 
tive  index  rating  mentioned  previously,  the  perception  definitions  deal 
only  with  thresholds  caused  by  Interactions  of  vehicle  motions.  Hmeever, 
without  fall,  during  driver  interviews  regarding  rides  that  were  rated  In 
the  range  of  8  to  10,  the  principal  objection  was  attributed  to  lack  of 
control  of  the  vehicle.  Although  this  reason  does  not  fit  Into  the  per¬ 
ception  definition,  the  psychological  implication*  cannot  be  Isolated  or 
removed  from  the  subjective  ratings.  This  psychological  Influence  of 
vehicle  controllability  depends  strongly  on  the  nature  of  the  vibrations. 
That  Is,  a  ride  composed  of  hlgh-lntenslty,  uniform  accelerations  will  be 
perceived  quite  differently  from  one  composed  of  low-  to  medium- Intensity 
accelerations  made  up  of  recurring  Impulses  and  shock  loads.  This  Is  a 
condition  of  high  crest  factors;  t.e.,  ratio  of  maximum  peak  to  rms  accel¬ 
erations  where  the  ISO  limits  arc  admittedly  questionable.  It  Is  the 
occurrence  of  harsh  shock  loads  that  often  catapult  driver  and  vehicle 
into  the  air  and  along  with  Inducing  momentary  pain  and  possible  Injury 
seriously  hinders  the  driver’s  capability  to  control  the  vehicle.  This 
psychological  distinction  between  uniform  motions  and  notions  composed  of 
recurring  impulses  Is  the  principal  cause  of  che  discrepancies  in  the 
subjective  ratings  recorded  for  the  dune  buggy. 

Tabic  2  lists  the  respective  speeds  and  driver  subjective  responses  record¬ 
ed  from  arbitrarily  selected  levels  of  absorbed  power  and  ISO  acceleration 
for  the  two  test  vehicles  and  three  test  courses  with  three  levels  of 
surface  roughness. 
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"'iihtlr  vet  Important  fltects  of  psychological  influence  on  the  measures  of 
performance  can  he  seen  in  the  table.  Both  absorbed  power  and  ISO  accel¬ 
eration  reflect  the  same  effects.  For  example,  for  any  given  level  of 
either  absorbed  power  or  ISO  acceleration,  the  speeds  of  the  8x8  vehicle 
are  about  twice  as  high  as  the  corresponding  speeds  for  the  dune  buggy. 
According  to  current  procedures  for  evaluating  ride  performance,  the  8x8 
vehicle  would  he  considered  far  superior  to  the  dune  buggy.  However,  for 
anv  given  level  of  either  absorbed  power  or  ISO  accelerat ion,  the  subjec¬ 
tive  ratings  are  consistently  higher  for  the  8x8,  This  difference  In 
ratings  says  that  a  6-watt  ride  in  the  8x8  feels  rougher  or  more  severe 
than  a  6-watt  ride  in  the  dune  buggy. 

Comparison  of  t epresentat 1 ve  acceleration-time  histories  of  the  two  ve¬ 
hicles  reveals  that,  in  tact,  the  dune  buggy  acce lera t ions  generally  were 
rather  uniform  throughout  and  did  not  exhibit  significant  Impulses  or 
shock  loads.  This  uniformity  is  attributed  to  the  extremely  stiff  rear 
suspensions  combined  with  the  vehicle's  "tail-heavy"  weight  distribution 
that  prevented  suspension  "bottoming"  and  thus  the  associated  shock  loads. 
Tills  condition  is  in  contrast  to  the  soft  suspensions  and  high  wheel 
travel  on  the  8x8  which  produced  gentle,  lov-f requenrv,  high -displacement 
motions.  These  soft  suspensions  on  the  8x8  resulted  low-intensity 
acce lerat ion- t irae  histories  with  dispersed  harsh  shock  loads  occurring 
when  the  suspensions  "bottomed  out."  The  intensity  and  frequency  of  these 
shock  loads  were  moderate  on  relatively  smooth  courses  but  rapidly  in¬ 
creased  with  increases  in  both  speed  and  surface  roughness. 

The  relations  Illustrated  in  Figure  5  provide  an  even  broader  understand¬ 
ing  of  this  phenomenon  between  the  dune  buggy  and  the  8x8.  Figure  5  is  a 
standard  ISO  graph  depicting  the  rras  acceleration  magnitudes  for  each  of 
the  standard  1/1-octave  band  center  frequencies  recorded  from  ride  tests 
with  the  two  vehicles.  The  results  of  the  dune  buggy  ride  reflect  con¬ 
siderably  higher  absorbed  power  and  ISO  (sumed)  accelerations,  yet  lower 
subjective  ratings  than  the  8x8.  These  two  rides,  which  were  both  less 
than  IS  seconds’  duration,  were  very  near  the  limits  that  the  driver  could 
tolerate . 

The  predominant  acceleration  for  the  dune  buggy  occurs  in  the  3-  to  5-Hz 
range  where  both  absorbed  power  and  ISO  acceleration  are  most  sensitive. 
The  dune  buggy  acceleration  at  the  moat  sensitive  absorbed  power  frequency 
<4.5  Hz)  Is  nearly  three  times  that  of  the  8x8.  This  explains  the  higher 
absorbed  power  level  for  the  dune  buggy.  On  the  other  hand,  the  pre¬ 
dominant  acceleration  for  the  8x8  la  concentrated  between  1  and  2  Hz  where 
vertical  absorbed  power  and  ISO  accelerations  sre  much  less  sensitive. 

This  low-frequency  (1-  to  2-Hz)  acceleration  predominance  Is  character¬ 
istic  of  most  conventional  vehicles.  Suspensions  are  customarily  tuned  to 
produce  a  sprung-mass  resonance  In  the  frequency  range  of  1  to  2  Hz  and 
thereby  Isolate  occupants  from  Irritable  vibrations  in  the  4-  to  8-Hz 
region.  It  appears,  at  least  for  short  duration  travel,  that  drivers  are 
more  willing  to  accept  the  rather  high  uniform  vibrations  in  the  4-to  8-Hz 
range  caused  by  ..tra-stlff  suspensions  rather  than  endure  the  recurring 
harsh  Jolts  that  occur  from  the  softer  conventional  suspensions  which  tune 
the  major  resonances  to  the  1-  to  2-Hz  range. 

This  subjective  willingness  (as  well  as  health  Implications)  may  well  be 
reversed  for  long  duration  travels,  such  as  occur  during  operations  of 
agricultural  and  earthmovlng  equipment.  This  possible  contrast  between 
the  effects  of  short-  and  long-  duration  vibrations  provides  a  high 
potential  for  application  of  adaptive  (adjustable)  suspensions.  It  Is 
Interesting  that  the  single-valued  ISO  accelerations  obtained  for  the 
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dune  buggy  by  Burning  over  the  frequency  spectrum  Is  more  restrictive 
than  the  worst  single  frequency. 

One  other  psychological  factor  worth  noting  Is  that  observation  of  the 
subjective  ratings  In  Table  2  reveal  that,  for  any  given  level  of  absorbed 
power  or  ISO  acceleration,  the  ratings  Increase  with  Increases  In  surface 
roughness.  That  Is,  a  6-watt  ride  feels  rougher  on  a  rough  course  than  It 
does  on  a  smooth  course. 

HOW  GOOD  IS  THE  6-WATT  LIMIT? 


There  has  been  quite  a  bit  of  controversy  and  dissent  over  the  use  of  the 
6-watt  absorbed  power  level  as  a  ride- limiting  criterion.  The  reason  for 
Its  Initial  selection  was  a  direct  outcome  of  the  results  of  Pradko,  Lee, 
and  Kaluza's  laboratory  study  which  established  the  absorbed  power  concept 
and  subsequent  6-watt  limit.  The  limits  of  its  validity  were  explained 
earlier  In  this  paper.  The  criterion  has  served  well  for  many  years  as  a 
sound,  consistent  measure  of  prsctical  operational  limits.  It  Is  not  i 
human  tolerance  limit;  experience  has  shown  that  competitive  drivers  and 
crews  will  accept  considerably  higher  absorbed  power  levels  for  short 
durations,  even  st  the  risk  of  Injury  However,  test  results  have  Indi¬ 
cated  the  6-watt  level  may  be  a  good  measure  of  a  driver's  self-imposed 
criteria  of  acceptability. 

Figure  6  shows  the  relative  and  cumulative  frequency  distributions  of  the 
vertical  absorbed  power  recorded  at  the  driver's  seat  of  a  light  wheeled 
vehicle  while  negotiating  two  cross-country  mobility  traverses.  These 
data  reflect  the  same  WES  driver  in  the  some  vehicle.  The  driver  was 
instructed  to  drive  the  well-marked  traverses  at  the  fastest  safe  speed. 
There  were  a  number  of  occurrences  of  factors  other  than  ride,  such  as 
■lopes,  curves,  and  vegetation,  that  restricted  the  speed.  Hcwever,  It  is 
seen  that  the  percent  of  time  the  driver  spent  at  ride  levels  above  6 
watts  was  relatively  small  (3  minutes  or  6  percent  on  one  course  and  10 
minutes  or  21  percent  on  the  other  course).  Similar  results  have  been 
obtained  with  other  drivers  when  Instructed  to  drive  at  their  discretion 
for  extended  durations.  However,  experience  has  shown  that  the  same 
driving  instructions  for  short  courses  and  short  durations  (1  minute  or 
less)  generally  result  In  speeds  limited  by  vehicle  control  and  usually 
considerably  higher  absorbed  power  levels.  In  anv  Instance,  for  rather 
long  durations  the  6-watt  level  appears  to  be  a  driver-preferred  limit. 

PLANS  FOR  FUTURE  WORK 


As  mentioned  previously,  plans  are  being  formulated  under  the  FAVR  program 
for  a  Joint  United  States-Federal  Republic  of  Germany  program  to  begin  in 
May  1984  to  atudy  the  relative  merlta  of  the  absorbed  power  and  ISO  pro¬ 
cedures.  Work  will  continue  at  WES  using  the  existing  data  base  to  study 
snd  evaluate  the  merlta  of  the  two  methods  and  other  proposed  criteria. 
Emphasis  will  be  placed  on  the  following  areas: 

Effects  of  Impulses  and  shock  loads  on  ride  criteria. 

Detailed  analysis  of  crest  factor  levels  and  their  effects  on  ride 

criteria. 

Influence  of  rotational  motion. 


Effecta  of  mul t 1-axis  vlb rations  on  ride  criteria. 
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Effects  of  duration  of  exposure. 

Ft  its  of  vibrations  on  recumbent  sub|->rta. 

CONCLUSIONS 

Based  on  the  results  of  this  preliminary  analysis,  It  Is  concluded  that 
for  short  distance  travel  and  limits  based  on  safety  and  health: 

Absorbed  power  and  ISO  weighted  accelerations  produce  similar  ride 
performance  relations. 

Human  response  to  vibration  Is  heavily  Influenced  by  psychological 
e  f  f  e e t  s  . 


*  At  equal  levels  of  Intensity,  rides  with  high  crest  factors 
feel  more  severe  than  rides  with  uniform  acceleration. 

-  At  equal  levels  of  Intensify,  rides  feel  rougher  on  rough 
courses  than  on  smooth  courses. 

Neither  absorbed  power  nor  ISO  weighted  accelerations  account  for 
psychological  Influences. 

Vehicle  control  and  not  high  vibration  levels  are  the  principal 
limits  for  short-duration  travel. 

Rides  composed  of  recurring  Jolts  tend  to  hinder  vehicle  controlla¬ 
bility  and  are  more  objectionable  than  rides  composed  of  more  uniform 
motions . 

For  short-d jratlon  travel,  drivers  are  more  willing  to  accept  rather 
high  uniform  accelerations  In  the  sensitive  frequency  range  (4  to  8 
Hr.)  rather  than  endure  recurring  harsh  jolts  that  occur  from  the 
softer  conventional  suspensions  which  tune  major  resonances  to  the  1- 
to  2-Hr  range. 
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Table  2 

i  omj'a  rlson  oj  Malting  Speeds  versua  Surface  Roughness 
for  Selected  Absorbed  Power  and  ISO 
Vertical  Vibration  t-evela 


Abaorbed  Power  levels 


7**sf 

Sur f  ac« 
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Limiting  Speed*,  mph 
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NOTE:  Number*  In  parentheses  denote  driver's  subjective  rating  index  (1  to 

10).  Dashes  In  columns  denote  levels  could  not  be  achieved  due  to 
vehicle  control  problems. 
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COMPARISON  OF  MEASURED  AND  SIMULATED  RIDE  COMFORT  FOR  AN 
AGRICULTURAL  TRACTOR  AND  INFLUENCE  OF  TRAVEL  SPEED  AND  TYRE- 
INFLATION  PRESSURE  ON  DYNAMIC  RESPONSE 

C.  STRAUSS.  W.  CHRIST 


BATTELLE-INSTITUT  E.V.,  FRANKFURT  AM  MAIN.  FRG 


INTRODUCTION 

Off-road  vehicle*,  or  tracked,  such  a*  commercial  ve¬ 

hicle*  (e.g.  agricultural  wheeled  tractors,  scrapers,  excava¬ 
ting  machines,  trucks,  truck  tractors)  or  military  vehicles 
(e.g.  trucks,  armoured  vehicles  and  special-purpose  vehicles) 
have  to  operate  under  extreme  terrain  conditions.  One  aspect 
of  these  conditions  is  the  terrain  roughness,  which  has  an 
important  influence,  on  the  one  hand  on  the  vehicle  strese, 
on  the  cargo  or  attached  implements,  and  on  the  other  hand  on 
the  ride  comfort  for  the  driver.  Therefore,  the  need  for  re¬ 
ducing  the  shock  and  vibration  levels,  taking  into  account 
increasing  travel  speed,  becomes  an  important  criterion  for 
the  design  of  most  of  the  above  vehicles .  IDm.  International 
Standards  Organisation  (ISO)  has  proposed  fatigue-decreased 
proficiency  limits  as  a  function  of  exposure  time  and  exci¬ 
tation  frequency,  %diich  are  applicable  to  off-road  vehicles 
/ 1 / -  When  designing  a  new  vehicle,  the  manufacturer  has  to 
make  sure  that  the  ISO  criteria  are  satisfied,  depending  on 
the  purpose  of  the  vehicle  and  the  expected  time  of  exposure 
to  shock  and  vibration. 


Purpose  and  Scope 

The  purpose  of  this  paper  is  to  demonstrate  the  possibilities 
of  the  manufacturer  to  use  a  generalised  mechanical  system 
simulation  program  to  compute  the  dynamic  behaviour  and  the 
ride  comfort  of  a  vehicle  travelling  over  a  specified  ter¬ 
rain. 

A  computer  program  has  been  implemented  at  Battel le-Institut, 

Frankfurt  am  Main,  FRG,  which  is  capable  of  analysing  motion- 

constrained,  rigid-body  and  closed-loop  kinematic  chain 

mechanisms  /2/.  This  program  is  also  capable  of  formulating 

automatically  the  equations  of  motion,  constraints  and  input 

functions  and  simulating  the  static,  kinematic  and  dynamic 

response  of  any  two-  or  three-dimensional  mechanical  system.  j 

To  formulate  the  mechanical  system,  the  program  uses  a 

problem-oriented  language  that  consists  of  definition,  data,  i 

request  and  control  statements.  j 

Based  on  acceleration  data  for  the  centre  of  the  front  axle  j 

of  an  agricultural  wheeled  tractor  (FRONT)  and  for  the  point  f 
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which  were  measured  while  the  vehicle  wee  running  on  the  ISO 
5007  standard  "emooth-track"  profile,  first  a  comparison  of 
measured  and  simulated  data  is  presented,  using  two  different 
ways  (time  integration  and  eigenvalue/-vector  analysis)  of 
analysing  the  dynamic  behaviour  of  the  vehicle  by  means  of 
the  simulation  program,  applying  a  specially  created  postpro¬ 
cessor,  tAiich  permits  the  eigenvalues/-vectors  of  a  mechani¬ 
cal  system  computed  by  the  main  program  to  be  combined  with 
the  spline  coefficients  of  an  excitation  input  profile  /3 / . 

Next,  the  influence  of  different  travel  speeds  (12.5  km/h, 

25  km/h  and  40  km/h)  on  the  dynamic  response  and  the  ride 
comfort  of  the  tractor  is  presented. 

Finally,  the  effect  of  different  tyre  pressures  measured  at 
different  travel  speeds  on  the  ISO-weighted  dynamic  response 
is  described  and  briefly  discussed. 


Analysis  of  Measured  and  Simulated  Dynamic  Behaviour 

The  results  presented  in  this  paper  are  related  to  a  4.6-t, 
wheeled,  two-axle  agricultural  tractor  (4x2)  which  has  an 
axle  spacing  of  2.6  m,  a  spacing  of  adjacent  trtieels  on  one 
axle  (front/rear  axle)  of  1.8  m,  with  a  13.6  -  28  AS  front 
tyre  (dia.  ■  1300  mm)  and  an  18.4  -  R  38  rear  tyre 
(dia.  “  1710  mm);  the  vehicle  has  a  drivers  seat  suspension; 
for  the  simulations  «*>ich  are  presented  in  this  paper  the 
driver's  mass  was  defined  by  a  value  of  70  kg.  As  will  be 
seen  later,  the  effect  of  the  estimation  of  the  Inertial  pro¬ 
perties  of  the  vehicle  will  cause  some  differences  in  the  re¬ 
sults  of  the  simulation. 

The  presented  dynamic  response  for  the  above  points  of  the 
vehicle  was  measured  by  the  Insitut  fttr  Landtechnik,  Prof. 
Gdhlich,  Technical  University  of  Berlin,  FRO.  As  for  this 
special  vehicle  only  the  vertical  component  of  acceleration 
was  measured,  while  the  vehicle  was  running  at  a  constant 
speed  of  nearly  12.5  km/h  over  the  ISO  standard  "smooth- 
track"  profile,  only  this  cosgx>nent  of  the  various  simula¬ 
tions  is  presented  in  this  paper. 

Part_I_of_the_Results 

In  the  first  part  of  this  paper,  a  comparison  between  differ¬ 
ent  types  of  possible  dynamic  simulation  procedure  results 
are  presented,  using  the  time  integration  analysis  as  a  very 
expensive  procedure  and  the  eigenvalue/-vector  analysis  as  a 
relatively  cheap  way  of  performing  dynamic  simulations  which, 
hwever,  is  subject  to  boundary  conditions  (e.g.  linearised 
system) .  The  measured  data  are  presented  to  deswnstrate  the 
capacity  and  accuracy  of  the  applied  program  system  and  type 
of  analysis. 

The  ISO  standard  "smooth- track"  profils  was  ussd  as  the 
motion  input  excitation  where  the  cubic  spline  coefficients 
are  separately  computed  taking  into  acoount  the  different 
sixes  of  front  and  rear  tyres;  for  this  part  of  simulation, 
tha  travel  speed  is  set  at  a  value  of  12.5  km/h  according  to 
the  ISO  standards. 
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In  Fig.  1  the  measured  vertical  acceleration  data  for  the 
seat  mounted  point  (SMPT)  are  plotted  in  the  time  domain; 
before  being  stored  on  computer  tape,  these  data  were  fil¬ 
tered  through  a  20-Hz  low-pass  filter  to  avoid  any  influence 
of  higher  frequencies  on  the  results  obtained.  These  data  are 
stored  with  a  time  step  of  0.01  s.  and  more  than  2900 
measured  points  are  plotted;  to  switch  this  result  from  time 
to  frequency  domain,  an  FFT  (Fast-Four ier  Transformation) 
algorithm  was  used  to  obtain  the  relationship  between  the 
effective  acceleration  values  and  the  frequency  (see 
Fig.  2).  This  figure  shows  the  typical  behaviour  of  the  SMPT 
of  a  wheeled  vehicle  of  the  above  specified  geometry  and  mass 
proportion  /4/.  Fig.  3  and  Fig.  4,  respectively,  show  the 
corresponding  results  of  the  vehicle  system  with  the  time 
integration  analysis,  and  in  Fig.  5  and  Fig.  6  the  corres¬ 
ponding  results  of  an  eigenvalue/-vector  analysis  are  shown. 
It  can  be  seen  that  in  the  frequency  domain  the  measured  and 
the  time- integrated  results  agree  very  well  (main  resonance 
peak  between  1.0  m/s2  and  1.1  m/s2  in  a  frequency  range  from 
2.6  Hz  to  2.7  Hz),  while  the  eigenvalue/-vector  analysis 
reaches  only  0.84  m/s2  at  a  frequency  of  2.7  Hz;  in  the  time 
domain,  all  three  plots  show  an  almost  similar  dynamic  beha¬ 
viour  of  the  SMPT  of  the  tractor;  one  reason  for  the  diffe¬ 
rences  between  the  two  types  of  analysis  (the  input  data  for 
both  types  of  analysis  are  exactly  the  same)  is  as  follows: 
describing  a  non-linear  system  with  the  eigenvalues  and 
eigenvectors  (linearised  system),  for  example  at  a  static 
equilibrium  position,  and  performing  a  dynamic  analysis,  the 
mechanical  system  is  treated  as  a  system  with  an  assumed 
constant  stiffness,  while  the  stiffness  of  the  real  system 
changes  according  to  the  different  displacements  (e.g.  spring 
stiffness)  and  velocities  (e.g.  damping  rate). 

Comparison  between  the  measured  and  simulated  acceleration 
behaviour  for  the  second  point  (FRONT)  yields  the  following 
results  (see  also  Figs.  7  to  12):  in  the  time  domain  all 
curves  are  located  nearly  within  the  same  range;  in  the  fre¬ 
quency  domain  the  two  main  resonance  peaks  of  the  effective 
acceleration  values  of  the  simulated  system  are  located 
around  1.8  Hz  and  2.6  Hz,  trtiile  the  measured  data  show  these 
peaks  at  2.6  Hz  and  3.3  Hz  respectively;  one  important  reason 
for  this  offset  is  the  fact  that  the  values  of  the  inertial 
data  of  the  vehicle  which  were  used  in  the  input  files  are 
estimated . 


Part_II_of_the_Results 

The  next  part  of  this  paper  describes  the  influence  of 
different  travel  speeds  on  the  dynamic  response  of  the  simu¬ 
lated  tractor;  again,  two  different  types  of  analysis,  i.e. 
time  integration  and  eigenvalue/-vector  analysis,  are  used 
for  the  simulation.  In  addition  to  the  presented  results  for 
a  travel  speed  over  the  ISO  standard  "smooth-track“prof ile 
of  v  •  12.5  km/h,  two  speeds  are  chosen:  v  •  25  km/h  and 
v  *  40  km/h.  According  to  the  first  part  of  the  paper,  simu¬ 
lation  was  effected  for  the  same  two  points  of  interest  at 
the  vehicle  (SMPT  and  FRONT). 
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Tha  results  are  presented  in  Figs.  13  to  20.  While  both  types 
of  analysis  show  the  sene  trend  of  increasing  acceleration  at 
increasing  speed,  it  is  remarkable  that  especially  at  the 
speed  of  v  -  40  km/h  the  time  integration  analysis  shows 
nearly  twice  the  acceleration  data  computed  by  means  of  the 
eigenvalue/-vector  analysis.  Therefore,  it  is  obvious  that 
for  this  range  of  travel  speed  (with  the  corresponding  dis¬ 
placements  and  accelerations)  the  eigenvalue/-vector  analysis 
does  not  satisfy  the  expected  accuracy;  the  reasons  for  this 
effect  were  briefly  discussed  in  the  first  part  of  this  paper 
(see  also  /5/). 


Part_III_of _the_Results 

Finally,  the  influence  of  travel  speed  on  the  ride  analysis 
(ISO-weighted  ride  comfort)  was  simulated  for  the  vehicle 
system;  also  the  influence  of  two  tyre-inflation  pressures 
(TIP  1  ■  front  tyre:  1.5  bar,  rear  tyre:  1.4  bar;  TIP  2  ■ 
front  tyre:  1.0  bar,  rear  tyre:  1.0  bar)  at  different  travel 
speeds  on  the  ISO-weighted  ride  comfort  is  shown  and  briefly 
discussed;  to  show  the  effect  of  a  seat  suspension,  simula¬ 
tions  are  being  made  for  the  driver's  seat  and  for  the  SMPT. 
Tyre  spring  and  damping  rates  were  changed  according  to  the 
reduced  tyre  inflation  pressure. 

In  the  following  figures  the  boundary  curves  are  plotted  for 
the  different  exposure  times  (according  to  the  ISO  standard). 
Figs.  21  to  24  show  the  ride  analysis  results  for  the  above 
points  (driver's  seat,  SMPT )  at  the  vehicle  system  travelling 
at  a  constant  speed  of  v  »  12.5  km/h  with  two  different  tyre 
inflation  pressures  (TIP  1,  TIP  2)  on  the  ISO  standard 
"smooth-track"  profile;  it  can  be  seen,  that  implementing  a 
seat  suspension  has  the  same  effect  of  improving  the  ride 
comfort  for  the  driver  as  reducing  the  tyre  inflation  pres¬ 
sure.  The  positive  effect  on  the  ride  comfort  of  reducing  the 
TIP  for  a  tractor  with  seat  suspension  can  be  seen  in  Fig.  22 
and  Fig.  24  respectively,  As  decreasing  TIP  results  also  in 
increasing  traction  effort  for  extreme  soil  conditions,  it 
may  be  of  an  interest  to  implement  a  central  tyre  inflation 
pressure  system  for  a  tractor  to  improve  both  ride  comfort 
and  traction  effort. 

Figs.  25  to  28  show  the  same  type  of  analysis  for  a  constant 
travel  speed  of  the  vehicle  system  of  v  ■  25  km/h.  According 
to  the  results  presented  above  (v  ■  12,5  km/h)  the  same 
effect  results  for  the  different  points,  except  for  the 
driver's  seat:  the  expected  improvement  of  the  ride  comfort 
for  the  driver  by  reducing  the  TIP  turns  into  a  decrease  in 
comfort;  the  same  effect  at  the  driver's  seat  is  shorn  in 
Figs.  29  to  32,  Which  present  the  corresponding  simulation 
results  for  the  vehicle  travelling  at  a  speed  of  v  •  40  km/h: 
in  these  figures  the  acceleration  response  is  "smoothed"  at 
frequencies  above  2  Hx ,  but  in  the  range  of  lower  frequencies 
the  resonance  peaks  increase.  In  practice,  25  and  40  km/h 
would  correspond  to  on-the  road  tractor  speeds,  td\ere  a  low 
TIP  anyhow  is  not  necessary  (to  increase  traction)  or 
possible  (increase  of  tyre  wear). 


Conclusions 

The  comparison  of  the  measured  and  simulated  acceleration 
data  for  the  two  fixed  points  at  the  tractor  chassis  show  a 
pretty  good  agreement  in  particular  for  the  time  integration 
analysis;  comparing  the  results  of  the  two  types  of  analysis 
applied,  the  eigenvalue/-vector  analysis  will  cause  some 
errors  at  higher  input  excitations  (increasing  travel  speed). 

The  well  known  effect,  of  improving  the  ride  comfort  by  a 
seat  suspension  and  by  reducing  the  tyre  inflation  pressure 
was  demonstrated.  In  this  context  the  question  arises  whether 
a  central  tyre  inflation  pressure  system  will 

5iimultaneoualy  improve  both  the  ride  comfort  and  the  tractive 
■‘ffort  for  a  wheeled  vehicle  operating  under  extreme  soil 
••nditions.  The  question  of  Whether  such  a  system  can  be 
realised  implemented  in  a  vdneeled  tractor  has  been  answered 
by  the  engineers  at  least  for  general  off-road  vehicles,  but 
t  remains  to  be  investigated  whether  the  market  will  accept 
•he  additional  cost;  a  detailed  cost/ef f ect i veness  analysis 
would  help  the  user  to  make  the  decision. 
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Fig.  9 i  Simulated  (time-integration  analysis)  vertical 
acceleration  data  for  the  centre  of  the  front 
axle  in  the  time  domain 
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12 ;  Simulated  (eigenvalue/-vector  analyaia)  vertical 
acceleration  data  for  the  centre  of  the  front 
axle  in  the  frequency  domain 
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19 i  Simulated  (time-integration  analysis)  vertical 
acceleration  data  for  the  centre  of  the  front 
axle  in  frequency  domain  at  a  travel  speed  of 
40  Km/h 


30 ‘  Simulated  (eigenvalue/-vector  analysis)  vertical 
acceleration  data  for  the  centre  of  the  front 
axle  in  the  frequency  domain  at  a  travel  speed 
of  40  Km/h 
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Fig.  23«  ISO-weighted  RMS  acceleration  for  the  8MPT 
(v  »  12.5  km/h;  P2) 


Fig.  24 i  ISO-weighted  RMS  acceleration  for  the  driver’ • 
aeat  (v  •  12.5  km/h;  P2) 
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Fig.  3 1 t  ISO-weighted  RMS  acceleration  for  the  SMPT 
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CHARACTERISTICS  OF  FARM  FIELD  PROFILES  AS  SOURCES  OF  TRACTOR  VIBRATION 

K.  OW1IYA,  K.  MATSUI 

FACULTY  OF  AGRICULTURE,  HOKKAIDO  UNIVERSITY,  SAPPORO,  JAPAN 

ABSTRACT 

To  evaluate  farm  field  profiles  as  sources  of  tractor  vibration, 
profiles  of  meadows  and  rough  terrains  were  measured  and  analyzed.  A 
slope  angle  measuring  apparatus  with  a  vertical  gyroscope  was  made  to 
measure  profiles  using  the  slope  integration  method.  Periodic  uneveness 
was  not  found  in  the  measured  profiles,  therefore  it  may  be  assumed  that 
profiles  of  farm  fields,  except  plowed  field  and  field  with  furrows,  are 
random  and  non-periodic.  Power  spectral  dens  i  t  ie  s  (0 . 1 -3  .  Sc /m)  of  measured 
profiles  could  be  approximated  by  a  straight  line  on  a  log-log  paper.  The 

V 

mean  value  of  spectral  slope!  2.3)  was  steeper  than  that  of  the  recom¬ 
mended  classification  of  road  roughness  by  1S0(TC108),  however,  it  is 
suggested  that  the  classification  by  ISO  may  be  useful  to  select  the 
profile  of  test  tracks  for  the  vibration  test  of  tractors  or  the  dura¬ 
bility  test  of  tractors  and  implemen.s .  Then  the  coherency  functions  were 
calculated  to  investigate  the  correlation  between  two  parallel  tracks 
spaced  for  the  tread  width  of  t rac tor ( 1 . 5m) ,  and  the  value  of  the 
coherency  functions  were  small  beyond  0.2c/m  of  road  frequency.  Therefore 
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INTRODUCTION 

Vibration  of  agricultural  tractors  and  implements  are  mainly  excited 

bv  the  irregularities  of  terrain,  and  it  is  neccesary  to  investigate  the 

irregularities  of  the  roughness  of  agricultural  fields  and  roads.  Therfore 

1)2) 

manv  investigators  have  measured  and  analyzed  the  roughness  of  them 

The  irregularities  of  runways^  road  surfaces'*^  and  rough  terrains**'  ^ 

have  also  been  investigated.  "Generalized  Terrain-Dynamic  Inputs  to 

Vehicle"  was  discussed  by  IS0/TCI08  and  the  profiles  of  artificial  tracks 

for  the  measurement  of  seat  vibration  of  tractors  and  ing>lements  were 
8 )  9 ) 

standardized  bv  BS  and  ISO 

Thus,  many  reports  described  the  irregularities  of  various  surfaces, 
however,  the  profile  of  a  terrain  was  investigated  as  one  track  and  the 
irregularity  of  a  terrain  was  evalued  by  a  measurement  of  one  or  two 
tracks.  As  an  agricultural  tractor  runs  over  a  terrain,  the  tractor 
vibrates  by  the  displacement  of  terrain  which  acts  on  each  tractor  wheel 
and  it  is  considered  that  a  tractor  is  a  six  degree  freedom  vibration 
svstem.  Then,  it  should  be  noted  that  the  profiles  of  terrain  are  recog¬ 
nized  as  t W)  parallel  tracks  which  a  tractor  runs  over  and  it  is  necessary 
to  investigate  the  correlation  between  two  parallel  tracks. 

This  paper  describes  the  profile  measuring  system,  the  roughness  of 
agricultural  fields  and  the  correlation  between  two  parallel  tracks  which 
a  tractor  runs  over. 

Power  spectral  densities  and  coherency  functions  were  calculated  by 
the  <  omputer  in  Hokkaido  Un  ivers ity (FACOM  210-75,  HITAC  M2001. 

1CASURING  ff-THOD 

1.  Measuring  Method  of  Profiles  of  Terrain 

The  conventional  method  for  the  measurement  of  profiles  is  surveying 
by  a  level  and  a  staff,  but  it  is  very  tedious  and  it  requires  much  skill. 
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!t  is  ,i  1  so  possible  to  measure  profiles  by  a  string  and  a  scale,  however, 

it  is  difficult  to  measure  them  for  long  period  because  of  the  slack  of 

the  string.  Therefore  many  measuring  apparatuses  for  terrain  profile  have 

been  developed**".  Servo-se  i  smic  method*'*  and  surface  following  wheel  and 

12) 

linear  potentiometer  plus  accelerometer  method  are  available  for  the 
men  surement  of  road  prof  iles,  but  it  does  not  seem  that  they  are  suitable 
to  measure  profiles  of  a  rough  terrain  sui  h  as  seen  in  an  agricultural 
field.  Then  it  was  found  that  the  apparatus  used  for  the  slope  integration 
method***,  which  was  developed  by  the  University  of  Michigan  and  the  Land 
locomotion  Reseach  Laboratory,  was  suitable  for  measuring  of  agricultural 
fields.  The  principle  of  this  measuring  method  may  be  described  as  follows 
the  two  quantities  to  he  considered,  namely  the  elevation  y  and  the 
horizontal  component  x  of  a  distance  along  the  groud  travel,  may  be  relat¬ 
ed  bv  equat  ions : 


- 

*■£ 


sin  8  ds 


cos  8  ds 


(1) 


(2) 


where  y  is  the  elevation  of  the  ground  at  the  biginning  of  the  run  and  A 

is  the  slope  angle  of  the  ground  under  the  vehicle  distance  I  from  the 

origin.  To  solve  the  problem  two  quantities  must  be  measured  continuously: 

14 ) 

the  distance  traveld  by  the  vehicle, and  the  slope  angle  of  the  ground 

The  wheelbase  of  the  apparatus  affects  the  accuracy  of  the  elevation 
severely,  so  the  numerical  calculations  were  done  to  determine  the  wheel¬ 
base  of  the  apparatus' "*  .  In  order  to  measure  and  analyze  the  roughness  of 
agricultural  fields,  the  measured  maximum  spatial  frequency  may  be  equal 
or  below  1-4  c/m,  because  the  essential  frequencies  of  tractor  vibration 
are  below  approximately  HHz  and  the  spatial  frequency  of  4c/m  ma"  be 
equivalent  to  the  frequency  of  8Hz  of  vibration  as  a  tractor  runs  at  a 


speed  of  .’tr./sei  ..  1  Mhiri  of  the  wheelbase  was  selec  ted  and  a  self  erect 
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rv  rose  ope  <  Tab .  I'  was  used  to  measure  the  slope  angle  of  the  terrain. 


whore  Yin):  the  elevation  at  x»  V  cos  fi._j*flkl 

Y(0):  the  elevation  at  the  beginning  of  the  run 
A  1  :  a  unit  t  r  a  ve  1  ( 'iOtim ) 

.  T  he  Ac  c  nracy  of  the  Profile  Measuring  System 

In  order  t  o  inspect  the  accuracy  of  the  profile  measuring  system  using 
the  slope  integration  method,  artificial  undulations  were  made  in  a  soil 
bin  and  the  slope  angle  measuring  apparatus  ran  over  the  surfaces  of  the 
artificail  terrain.  Fig.  i?  shows  the  elevation  of  the  artificial  terrain 
and  the  elevation  measured  by  the  apparatus. 
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Figure  2.  T1\e  elevation  of  the  terrain  and  measured 


It  seems  that  the  elevation  measured  by  the  apparatus  is  nearly  equal 
t . .  t  be  elevation  of  the  artificial  terrain.  The  power  speitral  densities 
wire  calculated  and  shown  in  Fig.  3.  Power  spectral  densities  of  measured 
profile  are  almost  in  agreement  below  3-3.  ■>  c/m. 

From  t  lie  results  mentioned  above,  it  is  possible  to  measure  the  undu¬ 
lation  of  the  terrain  under  appr oximately  (>.3m  of  the  wave  length  by  the 
profile  measuring  system  using  the  slope  angle  integration  method.  If  the 


whet  Ibase  of  the  apparatus  is  shorter,  the  spatial  frequency  of  the  terrain 
whit  h  the  apparatus  can  measure  would  be  also  higher,  however,  the  appara- 
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Road  F  is  a  rough  farm  road  and  is  a  concrete  track  of  the  tractor 
pul  1  test  . 


Table  2.  The  outline  of  meadow  and  road 


Name 

Length 

Numbers  of  measured 

tracks 

Space  of 

each  track 

Meadow  A-1 

19 

2.5m 

Meadow  A-2 

19 

2.5m 

Meadow  B 

1 1 

0.5m 

Meadow  C 

21 

1 .  5m 

Meadow  D 

1 1 

1 .  5m 

Meadow  E 

50m 

5 

1  .  5m 

Road  F 

50m 

4 

1  .  5m 

Road  C 

35m 

2 

1  .  5m 

2,  The  Roughness  of  Agricultural  Fields 

Fig.  4  shows  profiles  of  meadow  A- 1  and  Fig.  5  shows  profiles  of 
meadow  A-2.  It  does  not  seem  that  periodic  undulations  are  not  found  in 
bot  h  profiles. 

It  does  not  seem  that  there  are  any  correlations  betwpen  the  two  pro¬ 
files  that  are  side  by  side  in  Fig.  4  and  5.  The  measured  data  of  the 
profiles  were  transformed  into  the  power  spectral  densities  (P.S.D.)  of 
terrain  roughness  and  calculated  P.S.D.  curves  of  the  profiles  of  meadows 
and  roads  are  illustrated  in  Fig.  6-11. 


Figure  4.  Profiles  of  meadow  A-1 
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Figure  5.  Profiles  of  nidov  A- 2 
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Figure  6.  P.S.D.  curves  of  roughness  of  nesdow  A-t 
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Figure  II.  P.S.D.  curves  of  roughness  of  meadow  E 
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Figure  12.  P.S.T).  curves  of  ruughness  of  road  F 
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Figure  13.  P.S.D.  curves  of  roughness  of  road  G 

Fig.  6-11  show  that  no  periodic  undulations  are  found  in  the  rough 
terrain  like  meadows,  such  as  many  researchers  investigated.  As  P.S.D. 

urves  are  illustrated  on  a  log-log  paper,  curves  may  be  approximated  by 
one  straight  line.  ISO/TC108  investigated  the  recomended  classification 
>f  road  roughness  for  the  mobile  road,  and  the  roughness  is  classified  by 
the  P.S.D.  and  P.S.D.  curve  is  approximated  by  two  straight  lines  on  a 


log-log 

paper  (Eq .  5,6 ) . 

P(f)  -  P(fQ)  (y-)"W1 

(fSf0) 

(3) 

P(»  )  -  P ( f 0 )  — ) ~ W 2 

P(fl:  P.S.D.  of  profile 

(f**o» 

(6) 

where 

m^/c/m 

f  :  spatial  frequency 

c/m 

f  :  1  /  2  Jt  'n  0 . 1 6c  /m 


constant 


W  -2 

1  ‘ 

W2-1.5 
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The  roughness  is  classified  into  five  grades, very  poor  .poor  .average , 
good  and  very  good  by  ISO.  The  roughness  of  meadow  A-1,  A-2  and  B  were  in 
the  range  from  very  poor  to  poor,  meadow  C.  and  D  were  in  the  range  from 
poor  to  average,  meadow  F.  was  in  the  range  from  average  to  good,  road  F 
was  in  the  range  from  poor  to  average  and  road  C  was  in  the  range  of  very 
Rood . 

It  seems  that  P.S.D.  calculated  from  data  obtained  may  be  approxi¬ 
mated  by  one  straight  line  on  a  log-log  paper.  The  slope  was  calculated 
by  Eq .  (7)  and  the  mean  value  of  the  slope  of  P.S.D.  curve  of  each  terrain 
is  shown  in  Tab.  3. 

P(f)  -  A  (f)_W  (7) 

where  A ,W:  constants 

Table  3.  The  slope  of  P.S.D.  curve 


Terra  in 

* 

w 

Meadow  A-1 

2.3 

Meadow  A-2 

2.4 

Meadow  B 

2.3 

Meadow  C 

2.2 

Meadow  D 

2.2 

Meadow  E 

2.1 

Road  F 

2.0 

Road  C 

2.0 

*  W  is  calculated  in  the  spatial 
frequency  from  0.1  to  3.5  c/m 

The  slope  reconmended  by  ISO  is  2 (equal  or  below  1/2R  c/m)  and  1.5 
(equal  or  over  1/2H  c/m),  and  the  total  mean  value  of  P.S.D.  curves  of 
meadows  was  2.3.  Thus  the  slope  of  P.S.D.  curves  measured  is  steeper  than 
the  slope  recommended  by  ISO,  as  in  the  case  that  Fujimoto  investigated 
the  roughness  of  haul  roads  for  earth  moving  machinery'  Therefore  the 
characteristics  of  the  irregularities  of  agricultural  fields  such  as 
meadows  may  be  somewhat  different  from  the  automobile  roads,  in  other 
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words,  the  amplitude  of  long  wavelength  undulation  of  the  meadow  is  larger 
and  the  amplitude  of  short  wavelength  undulation  of  the  meadow  is  less 
than  that  of  the  automobile  road.  However,  the  meadow  A- 1  ,  whirh  was  eval¬ 
uated  as  very  rough  terrain  by  our  observation,  is  valued  in  the  range 
from  verv  poor  to  poor,  meadow  E,  which  was  evaluated  as  smooth  terrain  by 
our  observation,  is  valued  in  the  range  from  poor  to  good  and  road 
which  is  a  smooth  concrete  track,  is  valued  in  the  range  of  very  good. 

Thus  there  seems  to  be  some  correlation  between  the  roughness  which  is 
evaluated  by  our  observation  and  the  classification  of  roughness  which  is 
recommended  bv  ISO.  Consequently  it  is  suggested  that  the  r  la  ss  if  icat  io* 
of  roughness  bv  ISO  may  be  useful  in  the  selecting  of  the  roughness  o' 
test  track  for  the  vibration  measurement  of  tractors  or  for  the  durab  it 
test  for  tractors  and  implements. 

1.  Cor  re  la t ion  between  Two  Parallel  Tracks 

A  farm  tractor  has  mostly  two  axles  and  four  wheels,  thus  it  runs  over 
two  parallel  tracks.  Tractors  can  be  vibrated  not  only  in  the  vertical 
mode, the  longitudinal  mode  and  and  the  transverse  mode  but  also  in  the 
pitch  mode,  the  r  'll  mode  and  the  yaw  mode,  if  the  characteristics  of  two 
parallel  tracks  are  not  the  same  and  each  tractor  wheel  is  excited  by  the 
displacement  of  the  terrain.  Therefore  the  correlation  between  the  two 
parallel  tracks  which  a  tractor  runs  over  was  investigated. 

In  this  paper  it  is  assumed  that  the  tread  width  of  tractor  is  1  .  t>ra 
wide.  Fig.  14  shows  one  of  the  example  of  P.S.D.  curves  of  two  parallel 
tracks  which  were  1  .  rjm  apart.  The  roughness  of  both  tracks  seems  to  be 
almost  the  same,  since  both  P.S.D.  curves  are  nearly  equal. 

The  mode  of  tractor  vibration  depends  on  the  irregularities  so  that 
the  correlation  between  the  two  parallel  tracks  should  be  invest  igated.  If 
there  is  a  correlation  between  the  two  parallel  tracks,  the  tractor  does 
not  vibrate  in  the  transeverse  and  the  roll  mode  and  does  not  vibrate  in 
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h*  r<  m.  *  function  (r"(fl)  was  calculated  by  Kq  .  (8). 
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1  r>- 1  /  show  the  coherence  function  between  two  parallel  tracks, 
t  Pi  y.  ’  ,  the  coherence  f  un»  t  ion  has  a  laitfr  value  he  1  ow  U,J%/ 
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Figure  15.  Coherence  function  of  two 
parallel  tracks  (aeadow  B) 
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Figure  16.  Coherence  function  of  two 
parallel  tracks  (swadow  D) 
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Figure  17.  Coherence  function  of  two 
parallel  tracks  (meadow  E) 


tracks,  the  coherence  functions  were  calculated.  Values  of  the  coher- 
rence  function  were  small,  namely  it  is  nearly  equal  to  aero,  so  two 
parallel  tracks  are  independent  of  each  other. 

Consequent lv ,  it  should  be  recognized  that  the  roughness  of  two  paral¬ 
lel  tracks  are  almost  the  same  but  there  is  little  correlation  between 
them,  since  the  value  of  the  coherence  function  is  smaller  than  unity. 
Therefoer  a  tractor  may  vibrates  not  only  in  the  vertical,  the  longi¬ 
tudinal  and  the  transverse  mode  but  also  in  the  pitch,  the  roll  and 
the  yaw  mode . 
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